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ABSTRACT
Ozcelikkale, Altug PhD, Purdue University, May 2015. Freezing-Induced Deformation
of Biomaterials in Cryomedicine. Major Professor: Bumsoo Han, School of Mechanical
Engineering.
Cryomedicine utilizes low temperature treatments of biological proteins, cells and
tissues for cryopreservation, materials processing and cryotherapy. Lack of proper understanding of cryodamage that occurs during these applications remains to be the primary bottleneck for development of successful tissue cryopreservation and cryosurgery
procedures. An engineering approach based on a view of biological systems as functional biomaterials can help identify, predict and control the primary cryodamage
mechanisms by developing an understanding of underlying freezing-induced biophysical
processes. In particular, freezing constitutes the main structural/mechanical origin of
cryodamage and results in significant deformation of biomaterials at multiple length
scales. Understanding of these freezing-induced deformation processes and their effects
on post-thaw biomaterial functionality is currently lacking but will be critical to
engineer improved cryomedicine procedures. This dissertation addresses this problem
by presenting three separate but related studies of freezing-induced deformation at
multiple length scales including nanometer-scale protein fibrils, single cells and whole
tissues. A combination of rigorous experimentation and computational modeling is
used to characterize post-thaw biomaterial structure and properties, predict biomaterial behavior and assess its post-thaw biological functionality. Firstly, freezing-induced
damage on hierarchical extracellular matrix structure of collagen is investigated at
molecular, fibril and matrix levels. Results indicate to a specific kind of fibril damage
due to freezing-induced expansion of intrafibrillar fluid. This is followed by a study of

x
freezing-induced cell and tissue deformation coupled with osmotically driven cellular
water transport. Computational and semi empirical modeling of these processes
indicate that intracellular deformation of the cell during freezing is heterogeneous
and can interfere with cellular water transport, thereby leading to previously unconsidered mechanisms of cell freezing response. In addition, cellular water transport
is identified as the critical limiting factor on the amount of freezing-induced tissue
deformation, particularly in native tissues with high cell densities. Finally, effects of
cryopreservation on post-thaw biological functionality of collagen engineered tissue
constructs is investigated where cell-matrix interactions during fibroblast migration are
considered as the functional response. Simultaneous cell migration and extracellular
matrix deformation are characterized. Results show diminished cell-matrix coupling by
freeze/thaw accompanied by a subtle decrease in cell migration. A connection between
these results and freezing-induced collagen fibril damage is also suggested. Overall,
this dissertation provides new fundamental knowledge on cryodamage mechanisms
and a collection of novel multi-purpose engineering tools that will open the way for
rational design of cryomedicine technologies.

1

1. OVERVIEW
We are living in an era that has witnessed development of numerous biotechnologies
made possible mainly by application of engineering principles to biological systems.
Advances in structural biology and biomedical imaging have led to a new view of
proteins, cells and tissues as units of hierarchically organized composite biomaterials
whose structures are fine-tuned to achieve specific biological functionalities. By
combining this biomaterial view with an engineering framework, it has become possible
to (i) identify various biophysical processes using principles of material science, heat
transfer, fluid and structural mechanics, and (ii) design, model, preserve or alter
biomaterial structure and properties to elicit the desired biological response.
The unified engineering approach has provided solutions to biomedical problems for
instance by thermal therapies where patients are treated by locally applied cold or heat
to destroy/normalize diseased tissues [1, 2]. Another example is emergence of tissue
engineering, an active research area that has enabled the design and development of
artificial engineered tissues to fulfill certain native tissue functionalities [3, 4]. Some of
the tissue engineering based solutions such as dermal tissue equivalents have already
transitioned into commercial products that are being used in clinics [5].
This unified engineering approach can also revolutionize applied cryomedicine
by enabling development of new and better technologies for cryopreservation [6–9],
freezing based biomaterial processing [10,11] and cryotherapy [1,12]. Cryopreservation
is made possible by storage of biomaterials at cryogenic temperatures1 where chemical
reactions that drive metabolic activity are slowed down and life is suspended [13].
-80 to -196 °C often realized by either direct contact with liquid nitrogen or storage in gas phase
that is in equilibrium with liquid nitrogen.
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While the ultimate aim in cryopreservation is recovery of biomaterial’s structure and
functionality at post-thaw conditions, this prospect currently remains to be elusive
especially in tissues due to cryo damage occuring in multiple tissue components during
the preservation procedure [7, 14–17]. This is in direct contrast with cryotherapy
where damage is deliberately inflicted on in vivo 2 tissue by extreme cold. However
in this case also, improved control on extent of tissue damage is still highly desired
since effectively destroying the diseased tissue while keeping the damage localized to
the target site can be difficult to achieve [12]. Therefore a proper understanding of
ways cryo damage occurs is important in all cryomedicine applications especially in
designing new protocols that will provide improved outcome.
Ice formation has long been recognized as a main source of cryo damage both in
isolated cells and in tissues [6, 18]. Conventional treatment of biomaterials with low
temperatures results in freezing of physiological solutions. This is marked by formation
and growth of ice crystals in tissue interstitial space and possibly interior of the cells. Ice
formation is detrimental to cell and tissue structure due to several reasons. First of all,
significant deformation occurs in cell and tissues by local volumetric expansion during
water-to-ice phase change. In particular freezing in tissues alters the microstructure
of extracellular matrix (ECM), a fibrous mesh of proteins surrounding the cell [19].
Similarly intracellular ice formation is considered to destroy subcellular structures
and organelles including membrane and cytoskeleton [20–23]. In addition to this
direct structural/mechanical effect of ice, freezing also causes indirect changes in
biomaterials. Most prominently local expansion of ECM is known to induce pressure
gradients that cause redistribution of interstitial fluid [24]. Likewise, solutes excluded
from freezing interface lead to a gradual increase in concentration of physiological
solutions. When cells are present in the freezing environment, they respond to this
2

Within the living biological organism. Here in vivo refers to tissues in patient’s body environment.
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concentration increase by excluding part of their water to extracellular space [20]. The
cellular water transport is osmotic in nature and causes significant deformation of cell
even in the absence of intracellular ice. It is clear that mechanisms of freezing damage
with respect to deformation of cells and tissues needs to be considered in the context
of both structural/mechanical and transport aspects of ice formation.
Detrimental effects of freezing have been recognized especially in studies of tissue
cryopreservation and since then have motivated significant amount of research to
develop ice-free cryopreservation techniques. Among those, vitrification in particular
has showed promise in preserving post-thaw tissue structure [8, 17]. In vitrification,
freezing-induced expansion associated with crystalline ice is circumvented by formation
of amorphous (i.e. vitrified) ice. There are multiple reports indicating excellent
preservation of tissue structure by vitrification [17, 25]. However this is sometimes
overshadowed by its poor performance in preserving cell viability [16, 26]. This
drawback is partly explained by the necessity of vitrification to use high concentrations
of potentially toxic cryoprotectant cocktails [27]. This, combined with the need for
fast cooling limits widespread application of vitrification to bulk tissues. While this
situation is likely to change in the future, conventional freezing is still the practical
reality of cell and tissue cryopreservation as well as cryosurgery. In all these cases,
freezing damage needs to be understood, minimized and controlled.
Effects of cryogenic temperatures on biomaterial structure and functionality have
also been considered based on thermodynamic grounds that is irrespective of freezing.
There has been a rising concern on appropriateness of low temperature storage for
protein preservation, motivated by observations of diminishing protein activity after
storage [28–30]. Some recent studies of protein thermal stability have provided a
possible explanation to this issue by showing that low temperatures can lead to changes
in protein conformational structure referred to as cold denaturation in analogy to more
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widely known heat induced thermal denaturation [31, 32]. Cold denaturation has been
reported for various proteins at above freezing temperatures, often in the presence of
destabilizing agents [33, 34], at sub-zero temperatures for proteins that are isolated by
nano-confinement [35, 36] and also encountered with cellular proteins under cryogenic
storage conditions [37]. These protein-level studies indicate to a second mechanism
for cryo damage, which is thermodynamic/biochemical in origin.
There are still unanswered questions that need to be addressed to properly understand cryo damage mechanisms. A particularly important one is how to distinguish
between structural/mechanical and thermodynamic/biochemical origins of cryo damage in tissue ECM especially at small length scales. A useful and accurate view of
ECM in this respect is that of a hierarchically organized hydrated porous mesh work
of collagen formed by self-assembly of tropocollagen protein molecules into fibrils
few hundreds of nanometers in diameter [38]. This hierarchy is distinctly identified
by tissue, fibril and molecular levels each of which is prone to cryo damage. It has
been suggested that freezing-induced changes in ECM tissue level properties such as
porosity and hydration are governed by local competing mass transport processes
associated with ice formation and redistribution of interstitial fluid. [19,39]. At a lower
length scale, an increase in fibril dimensions and disruption of architecture are also
reported. However, the underlying mechanisms of such change are unclear [19, 40–42].
It is possible that a combination of ice formation and destabilizing effects of low
temperatures is responsible for changes in collagen fibril and molecular levels, yet
the relative importance of the two cryo damage mechanisms are not well identified.
A systematic investigation of freezing-induced changes in thermodynamic properties
of collagen and its structural evaluation at each level of ECM hieararchy could help
identify the dominating mechanism of cryo damage.

5
An equally important problem is the way cellular water transport is considered
with respect to cell and tissue deformation during freezing. The transport of water in
suspended cells is traditionally identified by a membrane limited transport process [43]
but it also needs to be considered as a main source of deformation in intracellular
structures. This deformation can potentially interact and even interfere with the
water transport. Furthermore when freezing occurs in cell-laden tissues, cellular
water transport can happen simultaneously with freezing of interstitial fluid and
can provide an excess amount of water for extracellular freezing. Then the local
rate of tissue expansion will depend on both ice formation kinetics and rate of
cellular water transport. Understanding the currently unexplored interactions between
freezing, intracellular/extracellular deformation and cellular water transport can
provide explanations to observed cell and tissue type dependence in freezing responses
[7, 44].
Studies addressing above problems will provide new relations for post-thaw tissue
structure and properties as well as conceptual information on fluid-structure interactions that occur during freezing. These results will need to be complemented by
applied studies on assessment of post-thaw tissue functionality to identify practically
important aspects of cryo damage.
This dissertation contributes to the broad field of work on cryomedicine by addressing the above problems through a combination of experimental characterization
and computational biophysical modeling. Experimentation involves characterization
of post-thaw biomaterial properties including thermodynamic stability, mechanical
stiffness and hydraulic conductivity. Biomaterial structure is assessed by various
microscopy techniques including fluorescence and scanning electron microscopy. Furthermore, dynamics of cell and tissue level deformation are characterized by two
time-resolved image based deformetry techniques, namely fluorescence particle track-
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ing cryomicroscopy and incremental particle image velocimetry. Biophysical processes
are modeled by principles of structural mechanics and transport in porous medium. In
particular, representative elementary volume analysis [45, 46] and poroelastic formulation [47, 48] are used to predict biomaterial behavior and perform property estimation
based on comparison with experiments.
Chapter 2 presents a study on collagen ECM hierarchy that explores how F/T
induced thermal stability changes of collagen are related to its distinct structures at
matrix, fibril and molecular levels. Measurements of post-thaw thermal stability by
modulated temperature differential scanning calorimetry together with morphological
examination of collagen fibrils and matrix by scanning electron microscopy indicate to
a specific type of fibril deformation that involves expansion of intrafibrillar space as a
result of ice formation. Solely thermodynamics effects of low temperatures on collagen
thermal stability remain secondary when compared to fibril deformation. The results
are supported by simulations of a computational model developed to relate changes in
thermal stability to expansion of collagen fibrils.
Chapter 3 focuses on osmotically driven cellular water transport that occurs during
freezing [49]. In the first part of this study nonuniform intracellular deformation is
proposed as a new additional mechanism that governs cellular water transport. A novel
computational model that considers cytoplasm as a porous structure saturated with
interstitial fluid is developed. The model simulations are compared to intracellular
deformation measurements performed by fluorescence particle tracking cryomicroscopy.
Results indicate to a previously unreported role of intracellular structure in cell osmotic
response that involves gradual collapse of outer layers of the cytoplasm by water efflux
and that can also result in entrapment of water in the cell by a hydraulic locking effect.
In the second part of Chapter 3 the role of cellular water transport in freezing-induced
tissue deformation is investigated by development of a semi-empirical representative
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elementary volume model [50]. In this model, tissue freezing-induced expansion is
simulated based on experimentally determined freezing kinetics and cellular water
transport characteristics. Results of these simulations indicate that cellular water
transport becomes the critical limiting factor of freezing-induced deformation when
cells are present at native tissue like concentrations.
Chapters 2 and 3 are mainly focused on identification of biophysical processes that
occur during freezing and determination of post-thaw structure-property relations.
Chapter 4 presents an applied study that builds on this knowledge to assess post-thaw
tissue functionality. Freezing effects on collagen ECM are relevant to cryopreservation
of collagen based engineered tissue constructs. These biomaterials are used as a
provisional matrix for improved healing of deep tissue wounds [5]. Interactions of
fibroblast with the ECM defines the main functional response that needs to be preserved
upon cryopreservation of the construct. In this study, effects of F/T on complex
cell-ECM interactions that involve both cell migration and matrix deformation were
investigated on acellular collagen hydrogels using a newly developed image based tissue
deformetry technique. Results indicate to decreased cell-mediated matrix deformation
in the case of F/T suggesting that freezing-induced changes in collagen structure
adversely affect cell-matrix adhesion.
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2. THERMAL DESTABILIZATION OF COLLAGEN HIERARCHICAL
STRUCTURE BY FREEZE/THAW
2.1 Introduction
Collagen is the primary structural component of tissue extracellular matrix (ECM)
and plays a critical role for tissue integrity and mechanical strength. Collagen ECM is
also an integral part of the cell mechanical environment that directs cellular processes
such as proliferation, differentiation and migration through cell-matrix interactions [51].
Because of its wide biological functionality, collagen is also used as biomaterial for
studying cell and tissue behavior in vitro and developing scaffolds for tissue engineering
applications [4, 52].
Thermal insult of collagen by exposure to temperatures lower or higher than
physiological levels is encountered in a variety of applications. Frostbite and burn
injuries are practical examples of detrimental effects of extreme temperatures. During
cryopreservation, tissues are exposed to extreme cold and stored at cryogenic temperatures for an extended period of time. Preservation of tissue structure and functionality
post-thaw are highly desired but there has only been limited success in this area
due to freezing damage occurring at multiple tissue components [7, 14–17]. Other
applications include thermal therapies such as cryosurgery, hyperthermia and thermal
ablation that utilize cold or heat to destroy diseased tissues [1, 2]. Proper evaluation
and prediction of the extent of thermal damage are of the uttermost importance for
the success of these techniques. Understanding how collagen ECM structure is affected
by heat, cold or a combination of both could help develop improved cryopreservation
and thermal therapy modalities.
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Collagen ECM is a hydrated porous meshwork hierarchically organized from
mechanically entangled and chemically cross-linked fibrils formed by self-assembly of
tropocollagen molecules [38]. This hierarchical structure is distinctly identified by
tissue, fibril and molecular levels, each prone to damage by low temperatures and/or
mechanical and osmotic stress induced by freeze/thaw (F/T). It has been reported
that freezing-induced changes in ECM tissue level properties such as porosity and
hydration are governed by local competing mass transport processes associated with
ice formation and redistribution of interstitial fluid. [19,39]. At a lower length scale, an
increase in fibril dimensions and disruption of architecture are also reported. However,
the underlying mechanisms of such change are unclear [19, 40–42]. It is possible that
the mechanisms involving ice formation and fluid transport also contribute to changes
in collagen fibril organization.
In the above view thermodynamic effects of low temperatures on collagen molecule
are not involved. However it is well known that collagen, like all proteins, has limited
thermal stability. At temperatures exceeding its thermal stability limit, collagen
undergoes a conformation change where its native triple-helical tertiary structure
unfolds and transitions into a more disordered configuration. In addition to that,
destabilizing effects of low temperatures on proteins has also long been a concern [28].
There is now substantial evidence that proteins can have a lower temperature limit
for their stability that is marked by cold denaturation (or unfolding), a transition
analogous to heat induced thermal denaturation [31, 32]. Cold denaturation has been
reported for various proteins at above freezing temperatures, often in the presence of
destabilizing agents [33, 34], at sub-zero temperatures for proteins that are isolated by
nano-confinement [35, 36] and also encountered with cellular proteins under cryogenic
storage conditions [37]. However, whether collagen ECM in a physiological tissue
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environment maintains its thermal stability at sub-zero temperatures remains to be
unknown.
Evaluation of collagen structure and properties in aqueous and physiologically
relevant environment are important for proper characterization of real tissue behavior.
However under these settings it becomes difficult to obtain direct measurements of
F/T induced protein thermal processes due to interference from water-to-ice phase
change and subsequent presence of ice in the sample. On the other hand, heat
induced thermal denaturation conveniently occurs above phase change temperature
and can be characterized by multiple measurement techniques including differential
scanning calorimetry (DSC) [53–55], second harmonic generation microscopy [56] and
circular dicroism [57]. Therefore it is hypothesized that the post-thaw structural
and thermodynamic state of collagen can be characterized by measuring thermal
denaturation and relate those to events that take place during F/T. A similar approach
has been previously employed to determine protein freezing denaturation in AT-1
prostate tumor cells [37]. Furthermore, F/T induced structural damage to collagen can
also be estimated based on established relations between the denaturation temperature
and collagens fibrillar packing [58]. There are only a few studies that report postthaw denaturation metrics in cryopreserved collagenous tissues. A net decrease in
denaturation temperature was observed in tendons stored at -80 °C [40]. In contrast,
thermal stability was enhanced after the F/T of arteries [39]. These tissue dependent
results indicate a clear need for systematic characterization of thermal stability
of collagen hierarchical structure upon F/T and identification of specific damage
mechanisms associated with observed changes in thermal stability.
In this study, we address this gap by providing measurements of post-thaw collagen thermal stability using modulated temperature differential scanning calorimetry
(MTDSC). Measurements were performed on both collagen molecular solutions and
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hydrogels with different collagen concentrations. Since hydrogels exhibit a fibrous
mesh microstructure that is absent in molecular solution, it was possible to relate
the F/T induced thermal stability changes of collagen to its distinct structures at
matrix, fibril and molecular levels. In addition, morphological examination of collagen
fibrils and network were performed with SEM and a rudimentary model explaining
freezing-induced structural damage of collagen based on its post-thaw thermal stability
was developed. Our findings indicate to a specific type of fibril damage that involves
expansion of intrafibrillar space as a result of ice formation.

2.2 Materials and Methods
2.2.1 Collagen
Collagen (fibrillar) hydrogels were prepared from rat tail collagen type-1 solution
(Corning) at final collagen concentrations of 3 and 6 mg/mL. A neutralized collagen
solution with isotonic ionic strength was obtained by mixing appropriate amounts
of 10X Dulbecco’s Phosphate-Buffered Saline (10X DPBS, Life Technologies), 1.0 N
NaOH and cell culture grade distilled water with the collagen stock. The neutralized
collagen solution was then dispensed into chamber slides (Nunc™ Lab-Tek™ II, Thermo
Scientific) and allowed to polymerize for 1 hour at 37 °C in a CO2 incubator. Then
isotonic saline solution (1X DPBS) was added on top of the hydrogel to prevent
dehydration and incubation was continued overnight and until the experiments.
Collagen molecular solutions were prepared from a rat tail collagen type-1 stock
solution that was diluted to a final concentration of 3 mg/mL in 20 mM acetic acid.
This preparation prevented collagen assembly during experiments since the pH of the
solution was below collagens isoelectric point.
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2.2.2 MTDSC Measurements
Differential scanning calorimeter (Q200, TA Instruments) was calibrated with
indium, water and sapphire prior to experiments. Circular sections of hydrogels were
cut with a 3 mm biopsy punch and placed in DSC pans. For molecular solution
experiments, 10 µL of solution was directly dispensed in the DSC pan. Pans were
hermetically sealed to prevent dehydration during the experiments. Samples prepared
following this procedure weighted between 5 and 15 mg.
Experiments involved heating from 25 to 60 °C (molecular solution) or 30 to 65 °C
(hydrogel) with an underlying heating rate of 1 °C/min. A sinusoidal temperature
modulation with amplitude of 0.75 °C and a period of 80 s was superimposed on the
underlying linear temperature program. Measurements were performed 3-4 times for
each treatment group and results were averaged based on standard statistical methods.

2.2.3 Freeze/Thaw Treatments
For freezing temperature studies, samples were cooled to either -20 °C or -60 °C in
the DSC cell at a rate of 50 °C/min, kept isothermal for 2 minutes and warmed back
to 20 °C with 50 C/min. MTDSC measurements were initiated within 10 minutes of
thawing.
In order to investigate the effects of ice formation, sample in DSC pan was placed on
a temperature controlled stage (MDS 600, Linkam, U.K.). The sample was monitored
for ice nucleation while stage temperature was decreased to -15 °C with a rate of
10 °C/min and maintained at that temperature for 2 minutes. Small volume of the
DSC sample enabled substantial supercooling allowing it to remain ice-free unless ice
nucleation was deliberately induced by a liquid nitrogen cooled needle. Ice formation
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controlled this way enabled preparation of samples that were either supercooled and
ice-nucleated or supercooled only.
Different ice formation kinetics were obtained with a procedure similar to above.
Samples were first cooled to -2 °C where ice was nucleated and presence of small ice
crystals in the sample was verified under microscope. Then, the samples were cooled
to -20 °C with two different cooling rates at 1 or 50 °C/min. These two cooling rates
were observed to generate different rates of ice growth in the samples.
For scanning electron microscopy, collagen samples prepared in chamber slides
were placed on a directional solidification stage [24] and frozen by a temperature
gradient developed from -60 °C to 4 °C across a 6 mm gap. During this process only
half of the sample was frozen while the rest remained unfrozen.
For experiments with cryoprotectant dimethyl sulfoxide (Me2 SO, DMSO), hydrogels
were incubated in saline solution including DMSO at concentrations ranging between
0.25 M and 1 M for 30 minutes before freezing. After 10 minutes of passive thawing
at room temperature, samples were sectioned and transferred to DSC pans followed
by freezing in the DSC cell as explained before. Since DMSO in the hydrogels was not
unloaded after F/T samples contained DMSO during the MTDSC measurements. In
order to control for confounding effects of DMSO in the measurements, experiments
were also performed on DMSO loaded unfrozen collagen hydrogels and the results
were compared with 0 M DMSO case.

2.2.4 Scanning Electron Microscopy Imaging
Hydrogels were F/T on a directional solidification stage as described above and
passively thawed at room temperature for 15 minutes. The samples were then
immediately fixed with 2.5% glutaraldehyde and 2% formaldehyde in 1X DPBS
and stored in fixation solution at +4 °C overnight. Afterwards circular sections
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were punched out from unfrozen and F/T regions, dehydrated against ethanol and
dried in a CO2 critical point dryer. Through the sample preparation, the sizes of
specimens unfrozen or F/T with DMSO remained unchanged while notable shrinkage
was observed for the specimens frozen and thawed without DMSO. Specimens were
then imaged using a scanning electron microscope (Nova NanoSEM 450, FEI, OR). At
least 3 randomly selected fields of views were imaged per sample. The fibril diameters
were estimated by manually tracing the boundaries of approximately 100 fibrils per
each group using ImageJ [59].

2.2.5 Kinetic Model of Collagen Denaturation
In this study, we considered collagen thermal denaturation as a single step irreversible rate reaction based on earlier work of Miles et al. [53]. The denaturation
reaction is,
kF/T

k

UF
NU F → DU F and NF/T → DF/T

(2.1)

Here N and D are the native and denatured states of collagen, respectively. Both
unfrozen (UF) and frozen/thawed (F/T) collagen is assumed to go through the same
reaction but at possibly different rates. For both UF and F/T, kinetics of denaturation
is described by the rate law,
α̇ = k(T )f (α)

(2.2)

where α is the extent of conversion from native to denatured state, α̇ is the conversion
rate, k is the rate constant and f is the reaction model. We assumed Arrhenius type
temperature (T ) dependence for the rate constant and an nth order reaction model [60]
as follows:

k(T ) = A exp

−Ea
RT



, f (α) = (1 − α)n

(2.3)
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In Equation (2.3) A is commonly referred to as pre-exponential factor and Ea is the
activation energy. These together with the reaction order n, are the kinetic parameters
that are to be estimated by fitting the above model to experimental data. The fitting
procedure used in this study is due to earlier work of Borchardt and Daniels [61].
Rearranging Equations (2.2) and (2.3) and taking the logarithm of both sides,

ln(k) = ln

α̇
(1 − α)n


= ln(A) −

Ea
RT

(2.4)

Therefore a linear relationship exists between ln(k) and the reciprocal of temperature. Here, α and α̇ are derived from DSC endotherm peak. Then, if n is known
Ea and A can be estimated from the slope and intercept of a line best fitting the
experimental data. The goodness of fit is often measured by:
P
(ye − ym )2
R =1− P
(ye − ȳe )2
2

(2.5)

Given experimental data points, ye , model predictions ym and mean of experimental
data, ȳe . An optimal value of n is assumed to scale the experimental data such that
R2 obtained from the linear best fit is maximized. The search for optimal n was
performed by a black-box optimization routine developed in MATLAB® . Once n
was determined Ea and A were estimated as described above. Only conversion levels
between 0.10 and 0.90 were considered in the analysis. Finally, DSC thermograms
were simulated using the estimated parameters in the kinetic model and another set
of R2 parameters were calculated based on the comparison of these simulations with
the corresponding experimental profiles. Only kinetic parameters that resulted in
excellent fits (R2 > 0.995) were included in further analysis.
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2.2.6 Theoretical Model of Fibril Expansion and Thermal Stability
The increase of thermal stability of collagen upon assembly into fibrils is based on
the reduction of configurational entropy due to molecular confinement effects [58, 62].
Therefore the observed decrease in thermal stability upon freezing of fibrils is expected
to be due to relaxation of the confinement. This entropic destabilization effect can
be expressed as a relationship between activation entropy of denaturation ∆S l , and
confinement diameter, d, based on statistical mechanics modeling of a polymer in a
tube [58, 63],
∆S l = ∆Sol −

4πRN b2
d2

(2.6)

l

where ∆So is the activation entropy of denaturation under unconfined state, such as
dilute molecular solution. N is the number of links in the thermally labile domain of
collagen (N = 65 [58]), b is the effective bond length that is taken to be same as the
actual bond length (b = 0.35 nm [58]) and R is the universal gas constant. During
this derivation, it is assumed that the activated state of collagen acts as a Gaussian
chain while the native triple helix is a rigid worm-like polymer. Therefore confinement
effects become significant only for the activated state [64, 65]. The activation entropy
is related to the pre-exponential factor, A, in the previously described kinetic model
as:

A = B(T ) exp

∆S l
R


(2.7)

where B(T ) is a slowly varying function of temperature [66]. By considering Equations (2.6) and (2.7) for an arbirary configuration with confinement diameter d2 in
comparison to a reference configuration with confinement diameter d1 ,



A2
1
1
2
= exp 4πN b
−
A1
d1 d2

(2.8)
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Therefore, reaction kinetics of an arbitrary confinement level can be predicted
based on the reaction kinetics and confinement level of the reference state.
Freezing induced expansion of fibril was modeled by a unit cell / representative
volume approach that was previously used for modelling freezing-induced expansion
of tissues [50]. The periodic molecular arrangement in fibril was represented with a
hexagonal unit cell that expands by freezing of intrafibrillar fluid as shown in Figure
2.7A. The relative increase in unit cell dimensions is given by:
d∗c
=
dc

s
1+φ




ρf
−1
ρi

(2.9)

where dc is the side of the unit cell and phi is the fibril porosity at unfrozen state. d∗c
is the side of the unit cell at frozen state. ρf and ρi are the densities of intrafibrillar
fluid and ice. Porosity is calculated from geometric relationships as:
 2
π
dm
φ=1− √
2 3 dc

(2.10)

where dm is the collagen molecular diameter that was varied between 1.3 and 1.5
nm [58, 67]. The confinement diameter is obtained as d = 2dc − dm again based
on unit cell geometry. Equations (2.8) and (2.9) were used together with kinetic
model to predict the denaturation temperature depression with freezing-induced fibril
expansion.

2.2.7 Statistical Analysis
Differences in treatment means were tested by one-way ANOVA. Multiple comparisons were performed by Tukeys test. The differences were considered statistically
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significant when p-value was less than 0.05. Experimental data are reported in terms
of mean ± standard deviation unless otherwise is noted.

2.3 Results and Discussion
2.3.1 Denaturation Endothermic Peak in MTDSC Thermograms
Denaturation endothermic peak in MTDSC thermograms Heat absorbed by collagen
during thermal denaturation results in an endothermic peak in a typical DSC heating
thermogram where the temperature is increased at a constant rate with time. In our
experiments, we used a sinosoidal temperature modulation superimposed on constant
heating rate. The resulting MTDSC technique enabled deconvolution of specific heat
signal into two components that distinguish processes that are irreversible or reversible
within the timescale of modulation period [68].
Figure 2.1A shows the three specific heat signals obtained from a representative
MTDSC thermogram for collagen hydrogel. The total signal is the summation of
reversing and non-reversing components and is equivalent to the signal that would
be obtained by standard DSC. Collagen heat denaturation appeared as a distinct
endothermic peak in non-reversing specific heat and was associated with only a
subtle increase in reversing specific heat. The change in non-reversing specific heat is
attributed to heat absorption associated with the denaturation reaction and is similar
to what has been reported with conventional DSC [53]. The relatively small change in
reversing specific heat is attributed to the sensible heat transfer to the sample and
indicates an increase in partial specific heat upon denaturation of fibrillar collagen.
This positive change is in agreement with previous studies [54]. The distinct peak
in non-reversing signal provides more information on denaturation and is associated
with higher signal-to-noise ratio than the reversing signal. Therefore, quantification
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Table 2.1. Collagen thermal denaturation characteristics for selected
treatments. Values are reported as mean ± standard deviation.
Sample

Treatment
-60
-60
-60
-60

°C
°C
°C
°C

Hydrogel

F/T
F/T
F/T
F/T
UF

Molecular
Solution

F/T -60 °C
UF

DMSO Conc.
(M)
0
0.25
0.5
1
-

Td
(°C)
44.17
44.16
45.19
45.41
45.71

±
±
±
±
±

0.07
0.35
0.16
0.16
0.32

38.76 ± 0.07
38.59 ± 0.04

∆T1/2
(°C)

∆Hd
(J/g collagen)

±
±
±
±
±

114 ± 23
88 ± 43
80 ± 16
53 ± 45
79 ± 28

3.00
3.17
2.92
2.46
2.57

0.13
0.81
0.21
0.49
0.23

1.97 ± 0.05
1.99 ± 0.05

52 ± 2
48 ± 7

Notes: DMSO: Dimethyl sulfoxide (ME2 SO) Td : denaturation temperature, ∆T1/2 : peak
width at half height, ∆Hd : denaturation enthalpy.

of denaturation metrics was done using the non-reversing signal. Denaturation
temperature, Td was determined based on the location of maximum specific heat
after subtraction of a linear baseline from the original signal. Peak width at half
height, ∆T1/2 which indicates the temperature span of the transition and denaturation
enthalpy, ∆Hd i.e. the area under the endothermic peak are also calculated from
the baseline subtracted thermogram. Td , ∆T1/2 and ∆Hd are reported for selected
treatments in Table 2.1.

2.3.2 Thermal Destabilization of Collagen ECM upon F/T
Using MTDSC, we discovered that F/T treatment has a destabilizing effect on
collagen ECM. Thermal stability of collagen hydrogels after F/T was found to be
consistently lower than that of unfrozen control (UF). This is illustrated by the
denaturation peaks shown in Figure 2.1B. The denaturation peak of the F/T hydrogels occurred at lower temperatures compared to UF. However, a similar shift in
temperature was not observed for F/T molecular solution.
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Figure 2.1. (A) Representative MTDSC heating thermograms that
show collagen thermal denaturation in multiple specific heat signals.
(B) Denaturation peaks of frozen/thawed versus unfrozen collagen in
hydrogel and molecular solutions. Lines and shaded regions indicate
the mean and standard deviation respectively.
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Figure 2.2 shows Td for collagen molecular solutions and hydrogels after F/T
treatments. Collagen as a macromolecule maintains its level of thermal stability even
after F/T to -60 °C (Figure 2.2A). ∆T1/2 and ∆Hd of F/T and UF for molecular
solution were also considerably close with differences being not statistically significant
(Table 2.1). In the case of hydrogels on the other hand, F/T resulted in a significant
decrease in Td regardless of the freezing temperature, -20 °C or -60 °C. The amount of
the decrease was between 1.4 and 1.6 °C and also did not depend on collagen density
of the hydrogel (p > 0.05) (Figure 2.2A).
There are several important implications of the results presented above. First of
all, if there are any changes that take place during F/T at collagen molecular level,
possibly through cold unfolding, those changes are not reflected in the post-thaw
thermal stability. Secondly, unlike single collagen molecules in solution, stability of
collagen in hydrogel is affected by F/T suggesting there might be structural changes at
fibril or matrix level that are responsible for the observed decrease in Td. In addition
our results indicate the extent of this F/T effect is indifferent to varying network
architectures generated by different concentration of collagen in ECM. Therefore
matrix level properties such as porosity are ruled out as factors related to changes in
thermal stability. To this end, fibril appears to be the level of collagen ECM hierarchy
that is most related to the measured destabilization of collagen by F/T. As a result it is
possible to explore the previously unexplained F/T induced changes in fibril dimension
and architecture [19, 40–42] using post-thaw thermal denaturation measurements.

2.3.3 Ice Formation
In light of above findings, we anticipated that F/T induced structural changes of
collagen ECM takes precedence over purely thermodynamic effects of low temperatures
in determining the change in post-thaw thermal stability. We therefore investigated
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Figure 2.2. Denaturation temperature of collagen in (A) hydrogel
and (B) molecular solution.
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whether ice formation had any role in the observed changes in thermal stability. Prior
to MTDSC, samples were super-cooled to -15 °C on a temperature controlled stage
where ice was manually induced in a group of samples while the others remained icefree. Consistent with the previous results, the hydrogels that experienced ice formation
denatured at a significantly lower temperature than UF (Figure 2.3). Furthermore
the Td decrease caused by ice formation was comparable to those from freeze/thaw at
-20 °C and -60 °C. Interestingly hydrogels that have undergone the same temperature
history but without ice also had a slightly lower Td than UF but the difference was not
statistically significant. Therefore we concluded that ice formation is the dominant
mechanism for the destabilization of collagen. For the temperature regime studied
(-15 °C to -60 °C), purely thermodynamic effects of low temperatures were indeed
found to be secondary when compared to effects of ice formation.

2.3.4 Freezing-induced Fibril Expansion
The seemingly spontaneous effect of ice formation on thermal stability resembles
freezing-induced expansion of engineered tissues where tissue deforms due to waterto-ice phase change of interstitial fluid. In that case local amount of deformation
depends on the balance between rates of ice formation and redistribution of interstitial
fluid [24,50,69,70]. Likewise, we hypothesized that collagen fibrils are deformed due to
internal stresses generated by freezing-induced expansion of intrafibrillar fluid. From
statistical mechanical point of view, such change in fibril packing would be consistent
with the decrease of Td . It is theoretically established for proteins in general [62]
and has been experimentally demonstrated for collagen in particular that changes
in confinement of collagen in fibrils through dehydration or addition of crosslinkers
has an impact on its denaturation temperature [58, 71]. In particular, decreasing
confinement is expected to destabilize native collagen by decreasing the entropic cost of
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unfolding. Based on this theory, freezing-induced expansion of fibril will also decrease
the confinement of collagen in fibril and result in a decrease in thermal stability that
is consistent with the experiments.
We next considered the possibility whether the amount of fibril expansion can
depend on the rate of ice formation. Ice formation kinetics may indeed be important
if exclusion of intrafibrillar fluid from fibril is fast enough to relieve some of the
pressure increase caused by ice formation. If this is the case then faster cooling rates
should result in larger amounts of expansion and greater Td depression. To test
this hypothesis, ice was nucleated in the samples at just below the phase change
temperature and the samples were cooled to -20 °C with either 1 or 50 °C/min. It
was indeed found that 50 °C/min resulted in slightly lower Td than 1 °C/min as
shown in Figure 2.3, however the difference between 1 °C/min and 50 °C/min was
not statistically significant. This result suggests that ice formation results in bulk
expansion of fibril and that intrafibrillar transport of water may not be a significant
determinant of freezing-induced expansion of fibril.

2.3.5 Recovery of Collagen Post-thaw Thermal Stability by Use of a Cryoprotectant
During cryopreservation, cells and tissues are often loaded with cryoprotectants
such as dimethyl sulfoxide (DMSO) that helps reduce freezing damage by decreasing
the amount of phase-change induced expansion [72]. It is therefore hypothesized that
use of DMSO during F/T will decrease the change in Td by reducing the amount of
freezing-induced expansion of collagen fibrils. Hydrogels were treated with up to 1 M
DMSO in physiological buffer prior to freeze/thaw treatment. The results are shown
in Figure 2.4. It was indeed observed that the thermal stability of frozen-thawed
hydrogels were gradually recovered to unfrozen levels with increasing concentration
of DMSO. On the other hand, DMSO did not change the denaturation temperature

25

Figure 2.3. Effects of F/T conditions on post-thaw denaturation
temperature. * indicates statistically significant difference (p < 0.05).
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of unfrozen controls. Concentrations above 0.25 M DMSO effectively increased the
denaturation temperature and 1 M DMSO was sufficient for almost complete recovery
of thermal stability in frozen and thawed samples.
Examination of collagen hydrogel microstructure with scanning electron microscopy
revealed dramatic changes in both network and fiber level upon F/T as shown in
Figure 2.5A. Hydrogels frozen with and without DMSO both showed large pores
(white arrows in top panel) that were not present in unfrozen controls. The sizes
of these pores were not comparable due to differential shrinkage of SEM specimens
during preparation. The case of 0.5 M DMSO showed fibrils bundled together. F/T
in the absence of DMSO also disrupted the fibril morphology. The case of 0 M DMSO
showed collection of thin filaments with a mean diameter of d = 18.1 ± 4.1 nm (yellow
arrows, bottom middle). These filaments seemed to be a part of multiple, thick but
loosely packed bundles (d = 83.9 ± 36.0 nm) which could have originated from fibrils
that have unraveled during F/T due to expansion. This was in contrast to the smooth,
uniformly sized fibrils observed in unfrozen control (d = 43.3 ± 7.4 nm). The extent
of this fibril level damage was alleviated by use of DMSO during freezing. The case of
0.5 M DMSO also showed mostly intact fibrils with diameters, d = 42.9 ± 9.4 nm,
similar to that of unfrozen control. The distributions of fibril diameters are shown in
Figure 2.5B.

2.3.6 Modeling of Thermal Destabilization Based on Freezing-induced Fibril Expansion
A rudimentary computational model was developed to better explain the measured
trends of Td by freezing-induced fibril expansion. The model is based on Polymerin-a-box model that has been previously used to explain the effects of dehydration
on collagen thermal stability limit [58, 63]. First, kinetic parameters necessary to
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Figure 2.4. Recovery of collagen post-thaw thermal stability by use
of cryoprotectant, DMSO.
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Figure 2.5. (A) SEM images showing the freezing-induced morphological changes in collagen hydrogels at network (top) and fibril level
(bottom). Scale bars are 5 µm and 500 nm for top and bottom panels
respectively. (B) Hydrogel fibril diameter distributions.
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simulate thermal denaturation were determined by fitting an irreversible rate law
to experimental thermograms. The Arrhenius coefficients and reaction order were
determined from the Arrhenius plot as illustrated in Figure 2.6A. Thermograms that
were simulated using these set of parameters were in excellent agreement with ones
experimentally determined (R2 > 0.996 for hydrogels and R2 > 0.978 for molecular
solution) (Figure 2.6B). The best fitting values of model parameters, reaction order,
n, activation energy Ea , and the pre-exponential factor A are reported in Table 2.2
for selected F/T and UF cases.
Then freezing-induced expansion of a collagen fibril was modeled by considering
an quasi-hexagonal unit cell as shown in Figure 2.7A depicting a single tropocollagen
molecule surrounded by six other neighbors. The space between the molecules are
filled with intrafibrillar fluid. Upon freezing, the unit cell expands. The amount of this
expansion mainly depends on UF porosity. The redistribution of intrafibrillar fluid was
neglected since it was considered to be insignificant based on our experiments with
different cooling rates (see Figure 2.3). Upon expansion the confinement diameter, d,
increases resulting in a decrease in level of collagen molecular confinement in fibril.
Details of the model are provided in Material and Methods section.
Figure 2.7B shows the change in Td as a function of fibril expansion in the case of
a tightly packed fibril. It is seen that even a small amount of increase in fibril volume,
less than 2%, results in significant decrease of Td . The effect is almost linear and shows
small variation with respect to reported values of collagen molecular diameter [58, 67].
Figure 2.7C shows the effect of unfrozen fibril porosity on freezing-induced expansion
of the fibril and the associated decrease in Td . Interestingly, the change in Td shows a
biphasic behavior with respect to fibril porosity with the greatest amount of decrease
occurring at an intermediate porosity level. This is explained by the diminishing effect
of confinement on thermal stability as intermolecular distances increase.
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Figure 2.6. (A) Estimation of kinetic model parameters from experiments. (B) Comparison of simulated and experimentally obtained
denaturation peaks. Experimental data is rarefied for illustration.
Each point in trends corresponds to 100 data points.

Table 2.2. Estimated kinetic model parameters.
n

R2

Sample

Treatment

lnA
(A in 1/s)

Ea
(kJ/mol)

Hydrogel

F/T -60 °C
UF Control

307 ± 10
262 ± 19

821 ± 25
705 ± 49

Molecular F/T -60 °C
Solution UF Control

446 ± 24
445 ± 18

1167 ± 62 1.26 ± 0.04 > 0.994
1164 ± 51 1.11 ± 0.14 > 0.978

1.55 ± 0.14 > 0.996
1.10 ± 0.07 > 0.997
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Figure 2.7. (A) Hexagonal unit cell of a fibril as it expands upon
freezing. dm is tropocollagen nominal diameter, d is confinement
diameter, dc: side of the unit cell. (B) The change in denaturation
temperature upon hypothetical expansion of a tightly packed fibril
(minimum porosity). (C) The amount of freezing-induced fibril expansion and change in denaturation temperature as a function of unfrozen
fibril porosity.
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2.3.7 Implications to Cold Denaturation of Collagen upon F/T
There has been a great concern in especially cell and tissue preservation community
regarding low temperature stability of proteins [28, 29]. In this study we didnt
encounter any lasting effect of F/T on stability of molecular collagen. Irreversible
denaturation of collagen during F/T under the studied conditions is unlikely since
denaturation enthalpies were considerably close between F/T and UF treatments.
Since such a transition would be associated with a decrease in the number of native
molecules available for denaturation during post-thaw experiments, one would expect
the denaturation enthalpy of F/T to be lower than that of UF. While irreversible
denaturation of cellular proteins was reported at low temperature storage conditions
[37], cold denaturation in respect to unfolding of protein due to purely thermodynamic
effects of temperature is commonly regarded as a reversible process [73]. Due to the
post facto nature of post-thaw measurements, our results does not explain whether
collagen has undergone such a transition during F/T and reverted back to its original
state after F/T.

2.3.8 Collagen Thermal Denaturation Reaction and Calculated Metrics
The endothermic peak of collagen thermal denaturation showed up in the nonreversing specific heat signal identifying the reaction as being irreversible at least
within the time frame of modulation period. This observation is in agreement with the
kinetic model in our study that assumes a single-step irreversible process [53] More
recently collagen denaturation is identified as a multi-step process that can also be
approximated by a single-step irreversible process for slow heating rates such as the
one used in the current study [74]. The reaction order estimated for unfrozen and
frozen-thawed treatments was significantly different and exhibited itself as a widening
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of endothermic peak. This curious effect points to the existence of new unknown
intermediate denaturation processes in the case freeze/thaw and needs to be further
investigated.
It is important to note that measurements of ∆Hd had significant variability. This
is expected since collagen hydrogel specimens in this study contained only a small
amount of collagen, particularly less than 0.6% w/w which is considerably less than
native tissue specimens such as rat tail used in other studies [53]. This, combined with
small sample preparation necessary for DSC could result in significant variations in
relative collagen content in each sample. Denaturation temperature on the other hand
is an intrinsically intensive property that does not depend on the mass of collagen.
Therefore it can be determined with high precision. The measurements of temperature
metrics were indeed highly reproducible as indicated by small standard deviations (less
than 0.8 °C). We focused our discussion in this study on these precise temperature
metrics.
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3. THE ROLE OF CELLULAR WATER TRANSPORT IN FREEZING-INDUCED
CELL AND TISSUE DEFORMATION
3.1 Introduction
When cell is frozen in suspension, ice first forms in extracellular space. As ice
grows by decreasing temperature, extracellular solution becomes more concentrated
by exclusion of solutes at phase change interface. Then, cell loses part of its water by
transport across the membrane due to osmotic pressure difference with its surroundings
[43]. This cellular water transport (CWT) process plays a key role in freezing outcome
since the amount of water remaining in the cell during freezing is connected to multiple
cryoinjury mechanisms [7, 75]. It is therefore necessary to accurately determine the
rate and extent of CWT to be able to optimize freezing procedures.
Since the pioneering work of Mazur [20], CWT in context of freezing has been
investigated extensively, mainly based on the perception that cell is a membrane bound,
fluid filled domain and cell membrane is the only significant transport barrier during
freezing. This approach has resulted in reasonably good measures for cryopreservation
of cells in suspension, enabling formation of cell banks for many cell lines [76]. However,
the concept of CWT as a mere membrane transport process does not explain the large
cell-to-cell variations in transport parameters for cells from the same population as well
as the effects of cell attachment state on water transport [44, 77, 78]. Moreover, recent
studies show that distribution of intracellular water becomes spatially heterogeneous
during freezing [79] and that modifications in the cytoskeletal organization have been
found to affect the cellular water transport properties [80]. In addition, studies indicate
that osmotically dehydrated cells become mechanically stiffer [81]. It is possible that
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deformation of intracellular structures that result in mechanical property changes
may also interfere with intracellular fluid transport. However, whether and how
intracellular structures can act on osmotically-driven CWT during freezing still needs
to be identified.
In the first part of this study, we address the above problem by considering
cytoplasm as a porous solid structure and investigate its potential to hinder osmotically
driven water transport during freezing. Unlike the previous models of CWT, it is
hypothesized that cytoplasm introduces an intracellular component for resistance
to flow as well as to deformation. This is illustrated in Figure 3.1. As the cell
dehydrates, the porous cytoplasm collapses resulting in even higher resistance to
water transport at highly deformed regions. As the dehydration continues some parts
of the cytoplasm may fully collapse and result in a locking effect i.e. trapping the
water in the cell. In addition, the deformation may also result in a decline in the
interstitial fluid pressure which may create a suction pressure at the inner side of
the cell membrane and counteract the osmotic pressure driven outflow of water. The
hypothesis was tested by simulations of CWT based on poroelastic theory [47, 48]
combined with experiments that involve measurement of intracellular deformation
in suspended cells during freezing. Results indicate to significant heterogeneity in
intracellular deformation that can interfere with CWT under certain conditions and
propose hydraulic conductivity of the cytoplasm as the key transport property that
governs the intracellular fluid transport.
In the second part of this study, implications of freezing-induced CWT at tissue
scale is considered. Cellular water can contribute to freezing induced deformation of
tissues and can be a determining factor on the post-thaw tissue fate. When native or
engineered tissues are frozen inside a controlled rate freezer, temperature gradients
are developed within the tissue. As the freeze front propagates from its outer to
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Figure 3.1. Cytoskeletal matrix introduces an intracellular component
of resistance to flow.
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inner layers tissue locally expands due to freezing of interstitial fluid and at the same
time interstitial fluid is redistributed due to pressure gradients that arise from ice
growth [19, 70]. This freezing-induced deformation of the tissue results in changes in
its microstructure [19, 24, 69]. When cells are also present in the tissue, they interact
with extracellular space and can affect the amount of freezing-induced deformation.
By so-called freezing-induced cell-fluid-matrix interactions [69, 82], cells are thought
to contribute to deformation by supplying excess water via osmotic pressure-driven
cellular water transport. However whether CWT can be a significant factor on
freezing-induced tissue deformation is not clear.
In order to address the above gap a semi-empirical model was developed. Representative elementary volume (REV) analysis was used to relate the freezing-induced
expansion of the tissue to extracellular freezing kinetics and cellular water transport.
For determination of the empirical parameters, first, freezing response of MCF-7
breast cancer cells was observed by cryomicroscopy, and the membrane permeability
parameters were estimated with similar methods used in previous studies [24,78,83,84].
In addition, the latent heat release of the engineered tissue was measured by differential scanning calorimetry (DSC) to estimate the rate and extent of extracellular
ice formation within the ET. Finally, the cellular water transport and extracellular
ice formation data were combined to estimate the freezing-induced dilatation rate
using the model. The results of the model are compared to a companion experimental
study that provided tissue deformetry measurements under similar conditions to
model simulations [50]. The model is also used to explore the effects of cellular water
transport at cell concentrations corresponding to native tissues that were not possible
to investigate experimentally.
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3.2 Materials and Methods
3.2.1 Cell Culture and Reagents
A human breast carcinoma cell line (MCF7) was maintained in culture medium
(DMEM/F12, Invitrogen, Grand Island, NY) with 5% fetal bovine serum, 2 mM
L-glutamine, 100 µg/mL penicillin/streptomycin, and 10 µg/mL insulin. The MCF7
cells were cultured in 20 mL of supplemented culture medium in 75 cm2 T-flasks at
37C and 5% CO2. Cells were collected by using 0.05% trypsin and 0.53 mM EDTA.
Early passage human foreskin fibroblasts, BR5 were provided by Dr. Frederick
Grinnell (Department of Cell Biology, University of Texas Southwestern Medical
Center) and maintained in culture medium DMEM/F12, (Invitrogen, Grand Island,
NY) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100 µg/ml
penicillin/ streptomycin. The fibroblasts were cultured up to the 20th passage in 75
cm2 T-flasks at 37 °C and 5% CO2. The cells were consistently harvested at 80%
confluency by using 0.05% trypsin and 0.53 mM EDTA.
For intracellular deformation analysis, up to 1 × 106 cells were replated in 100 mm
cell culture plates and allowed to attach overnight. 500 nm fluorescent polystyrene
nanoparticles (NPs) (G500, Thermo Fisher Scientific) coated with fibronectin (Invitrogen) were used as markers for intracellular deformation. NP internalization protocol
was based on a previous study with the same cell line [85]. 6.08 × 109 NPs were
mixed with 30 µg fibronectin in 500 µL culture medium and incubated at 37 °C for 10
minutes. After dilution in 4 mL culture medium, the NP suspension was placed on top
of adherent cell monolayer and incubated at 37 °C for 2 hours. During that time, NPs
attached to the cell membrane and internalized by cells through endocytosis. After 2
hours, the cell monolayer was washed with physiological phosphate buffered saline
(1X PBS, Invitrogen) three times and incubated overnight to achieve distribution of
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NPs throughout the cytoplasm. The cells were then retrieved as described before
and suspended in culture medium with a concentration: 5 × 106 cells/mL. The cell
suspension was kept in ice during the experiments. For estimation of membrane
permeability parameters, cells were used as they are without NP internalization.

3.2.2 Measurement of Cellular Water Transport by Cryomicroscopy
For determination of membrane permeability parameters, MCF7 and BR5 were first
prepared in suspension, dispensed in a quartz crucible and loaded on a temperaturecontrolled stage (MDS 600, Linkam). As cell suspension was frozen, images were
acquired by a microscope (BX 51, Olympus) equipped with a CCD camera (Retiga
2000R, Qimaging). Cell concentrations in this study ranged from 2 × 105 to 1 ×
106 cells/mL, such that cell-to-cell separation distances were large (cytocrit < 0.003),
and cell concentration was not expected to have an effect on water transport [86]. In
order to prevent substantial supercooling and spontaneous ice nucleation, the sample
was initially cooled to -2 C, and ice was seeded by touching the edge of the sample
with a liquid nitrogen-cooled needle. Afterwards, the temperature was increased by
0.9 to 1.2 °C and kept constant at just below the phase change temperature for 3 to
5 minutes to obtain small ice crystals in equilibrium with the extracellular medium.
Then temperature was decreased at a controlled rate down to -40 °C. The cooling
rates employed in this study were 5, 10 and 30 °C/min. For analysis, the projected
cell area, Ap , was quantified at selected temperatures using image processing software
(Fiji/ImageJ [87]). Then the cell volume, V , was estimated by assuming spherical
geometry and using the relation:
4
V =
3

r

Ap 3
π

(3.1)
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For each cooling rate, 28 to 81 cells were analyzed. The osmotically inactive volume of
the cell was estimated through an equilibrium freezing procedure in which the freezing
was performed at a relatively slow cooling rate (2 °C/min, to -40 °C while the cells
were allowed to reach osmotic equilibrium with their surroundings by holding the
temperature at -5, -10, -15, -20 and -30 °C for 5 minute intervals.
In order to measure intracellular deformation during freezing, a slightly modified
procedure as above was followed. BR5 in suspension were loaded and frozen in a
PDMS microchannel (600 or 900 µm wide and 50 or 100 µm high) clamped on the
temperature-controlled stage while simultaneous bright field and fluorescence (FITC,
excitation / emission = 495 nm / 519 nm) images were acquired every 4 or 5 seconds.
The end freezing temperature was -30 °C and the cooling rates considered were 5, and
30 °C/min.

3.2.3 Estimation of Membrane Permeability Parameters
The analysis of cellular water transport follows the previous studies e.g. [78, 84, 88],
based on the membrane transport model of Mazur [20] with some modifications by
Levin et al. [89]. Briefly, the rate of change of the cell volume is given by:
 



Lp ART
1
dV
(V − Vb )
∆Hf
1
= −Jw A =
−
ln
−
dt
νw
(V − Vb ) + ns νs νw
R
Tref
T

(3.2)

where the cell membrane permeability to water, Lp , was assumed to depend on
temperature only with its dependence modeled by Arrhenius Equation as follows:


−ELp
Lp (T ) = Lpg exp
R



1
1
−
T
Tref


(3.3)

The membrane permeability parameters investigated in this study were Lpg , the
membrane permeability at the reference temperature, and ELp , the activation energy
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Table 3.1. Definitions and values of parameters used in cellular water
transport study.
Symbol

Definition

Value(s)

Unit

Ro
φo

Initial Cell Radius
Initial porosity

µm
-

Ko

Initial hydraulic conductivity

E
V
Vo
Vb
A
ν
Jw
T
Tref
∆Hf
Rg
B
νw
νs
ns
Lp
Lpg
ELp

Elastic modulus of solid part
Cell volume
Initial cell volume
Osmotically inactive cell volume
Cell surface area
Poisson‘s ratio for solid part
Osmotic water efflux from cell
Temperature
Reference temperature
Latent heat of fusion
Universal gas constant
Cooling rate
Partial molar volume of water
Dissociation constant of salt
Number of moles of salt in the cell
Membrane permeability for water
Membrane permeability for water at Tref
Activation energy for membrane water transport

8.6*
0.69*
1 × 10−13
1 × 10−14
1 × 10−15
200**
Variable
2978 ± 127*
(0.31 ± 0.02) Vo *
Variable
0.30**
Variable
Variable
273.15
33.5
8.314
5
1.8 × 1013
2
3.031 × 10−13
Variable
0.403*
175*

*

m2 /Pa·s
Pa
µm3
µm3
µm3
µm2
µm/s
K
K
kJ/kg
J/mol/K
°C/min
µm3 /mol
mol
µm3 /N/s
µm3 /N/s
kJ/kg

Value provided for MCF7.
From [91].

**

for water transport across the membrane. The definitions of the other symbols used
in Equations. (3.2) and (3.3) are provided in 3.1.
The membrane permeability parameters were estimated by fitting the model
predictions to experimental data. A nonlinear least-squares curve fitting procedure
was performed in MATLAB® using Levenberg-Marquardt algorithm [90].
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3.2.4 Estimation of Intracellular Deformation
The time-lapse cryomicroscopy images were cropping into 256 × 256 pixel regions
showing individual cells. Then the positions of selected NPs were tracked over up to
50 frames using TrackMate Jaqaman, 2008 in Fiji/ImageJ.
The deformation analysis was performed by assuming initially undeformed cell and
a reference frame fixed to the microscope stage. Then the displacement of particle i
was defined as ~ui (t) = ~xi (t) − ~xi,o in terms of particle position at time t, ~xi (t) , and
initial position, ~xi,o . The intracellular displacement field, ~u, was approximated using a
linear finite element method (FEM) interpolation scheme based on triangulation of
the cellular domain with intracellular particles as nodes. This approximation was used
to calculate the displacement and deformation gradient tensors, ∇~u and F = I + ∇~u,
I being the identity tensor. Then the Cauchy finite strain tensor was calculated by,

C = FT F

(3.4)

Areal strain, EA that provides the relative change in the area of a finite element
was selected as a two-dimensional direction-independent measure of intracellular
deformation. EA is given by,

EA =

p
det (C) − 1

(3.5)

One should note that, due to 1st order differentiability of the FEM interpolation, The
resulting EA field was constant across each triangular element.
In order to distinguish the variation of intracellular deformation at different regions
of the cell, the intracellular space was divided into three deformation zones with
varying distance from cell centroid as shown in the top left inset in Figure 3.6. All
zones are equal in area with zone 1 and zone 3 being closest to the cell centroid and
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cell membrane respectively. Then the elements of triangular grid were grouped into
zones based on the positions of their centroids and a mean value for EA over each
zone was calculated by,
RR
ĒA =

EA dA

A

A

(3.6)

Where A is the total area of elements included in that zone.

3.2.5 Poroelastic Model of Cytoplasm for Prediction of Intracellular Deformation by
CWT
A poroelastic formulation of cytoplasm is developed by considering it as a twophase system that is composed of a fibrous cytoskeletal matrix as the solid phase
(denoted by subscript, s) which is saturated with the cytosol that is considered as the
fluid phase (denoted by subscript f ). The space occupied by the solutes and organelles
is neglected in this analysis. Therefore the volume fractions of solid and fluid phases,
φs and φf , satisfy the following relationship:

φf + φs = 1

(3.7)

The mass and momentum conservation laws can be summarized as follows:
Mass conservation of fluid phase:
∂
(φf ρf ) + ∇ · (φf ρf ~vf ) = ρf (qB − qL )
∂t

(3.8)

where ρf is the density of the fluid phase, and ~vf is the intracellular fluid velocity
while the right hand side of Equation (3.8) represents the contribution from volumetric
source and sink. In the remaining part of this section, we assume no injection or
drainage occurs in the cell such that qB = qL = 0.
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Similarly, the mass conservation of solid phase follows as:


∂
∂~u
(φs ρs ) + ∇ · φs ρs
=0
∂t
∂t

(3.9)

where ρs is the density of the solid phase, and ~u is the displacement of solid phase
with respect to an initial state, which can be arbitrary without loss of generality.
The momentum conservation of fluid phase is governed by the Darcys Law:


∂~u
φf ~vf −
= −Khyd ∇p
∂t

(3.10)

where Khyd is the hydraulic conductivity of the cytoplasm and p is the intracellular
fluid pressure.
Finally, under the assumption that the cytoskeleton remains in a quasi-static
state through the cellular dehydration, the momentum conservation of solid phase is
expressed by the stress equilibrium:

~ · σ = µs ∇2~u + λs ∇e − ∇p = ~0
∇

(3.11)

Here, σ is the Cauchy stress tensor, µs and λs are the first and second Lame’s
constants and e is the dilatation (or volumetric strain) of the cytoskeleton. In
obtaining Equation (3.11), the solid matrix is assumed to be a linear elastic material.
Note that dilatation approximates the areal strain introduced in Equation (3.5) and
e = Ea for infinitesimally small deformations.
Under the assumption that both phases are incompressible, the mass conservation
Equations, (3.8) and (3.9), can be combined together to arrive at:


∂~u
∇ · φf ~vf + φs
=0
∂t

(3.12)
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By rearranging the terms and substituting Equation (3.10) in above, one obtains:
∂e
= K∇2 p + ∇K · ∇p
∂t

(3.13)

Furthermore, the divergence of stress equilibrium, ∇·(3.11) also yields a relationship
between the dilatation and intracellular fluid pressure only:

∇2 (p − µ∗ e) = 0

(3.14)

where the parameter µ∗ = 2µs + λs is the aggregate modulus. In Equation (3.14) the
mechanical properties of the solid matrix are assumed to be uniform across the cell.
Equations (3.13) and (3.14) together represent a dilatation-pressure formulation
where e and p are the dependent variables. For the special case of constant hydraulic
conductivity, the second term in the right hand side of Equation (3.13) drops and the
two equations can be combined into the well-known Consolidation Equation introduced
by Biot [47],
∂e
= D ∇2 e
∂t

(3.15)

where D = Khyd /µ∗ = Khyd / (2µs + λs ) is the coefficient of consolidation. However,
in our case, the deformation of cytoplasm is large and the variations in the hydraulic
conductivity cannot be neglected. Therefore, we cannot use the Consolidation Equation
directly.
Now restricting the attention to the case of spherical geometry with radial symmetry,
Equation (3.13) is solved for intracellular fluid pressure:

p = µ∗ e + po

where po is the pressure near the cell membrane.

(3.16)
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Substituting Equation (3.16) in Equation (3.13), the dilatation formulation for the
cytoplasm is obtained:
1 ∂
∂e
=D 2
∂t
r ∂r



∂K ∂e
2 ∂e
r
+ µ∗
∂r
∂r ∂r

(3.17)

Equation (3.17) is an extended form of Consolidation Equation that accounts for the
spatial variations in the hydraulic conductivity. However, it is important to remember
that this equation is only valid for the spherical geometry with radial symmetry, which
is the case considered in our study.
In order to investigate the freezing-induced deformation of cytoplasm, we consider
Equation (3.17) together with appropriate initial and boundary conditions. Figure
3.2A illustrates the main features of the problem setup. For a spherical cell with a
radius: R = R(t), which is initially undeformed, the initial condition is:

e = 0 for all r ∈ (0, R(t)) and t = 0

(3.18)

For the boundary condition at the cell membrane (r = R(t)) osmotically driven water
efflux, Jw from membrane transport model in Equation (3.2) is related to dilatation
by considering the Darcys Law together with Equation (3.16) to obtain:
∂e
∂r

=−
(R(t),t)

Jw
D

(3.19)

(3.18) And finally, radial symmetry at cell center implies:
∂e
∂r

=0
(0,t)

(3.20)
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(3.19) The variations in hydraulic conductivity due to deformation of cytoplasm is
related to dilatation based on the work of Kim et al. [92]:

K = Ko

1
φo


(1 + e)

2/3


−

1 − φo
φo


(1 + e)

−1/3

3
(3.21)

where Ko and φo are the initial (undeformed) hydraulic conductivity and porosity
respectively.
Note that, the governing Equation (3.17) is a nonlinear partial differential equation
that is difficult to solve analytically. Therefore a numerical solution procedure is
followed. Furthermore, the problem is a moving boundary problem since the cell radius
decreases by time due to dehydration. This also complicates the numerical solution
procedure. Therefore the moving boundary is eliminated by using a transformation
for both the r-coordinate and dilatation as follows:

r̂ =

r
and ê = R(t) · e
R(t)

(3.22)

(3.21) where the quantities indicated by ’ˆ·’ are the new variables. Solution domain that
is obtained by the transformation is shown in Figure 3.2B. Applying the transformation
to the governing equation as well as the initial and boundary conditions, the governing
equation becomes
∂ê
D ∂
= 2 r̂2
∂t
R ∂r̂



D ∂K ∂ê
1
2 ∂ê
r̂
+ 2
− Jw ê
∂r̂
R K ∂r̂ ∂r̂ R

(3.23)

With initial and boundary conditions:
ê = 0 for all r̂ ∈ (0, 1) and t = 0
∂ê
∂r̂

(0,t)

∂ê
= 0 and
∂r̂

(1,t)

Jw R2
=−
D

(3.24)
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Figure 3.2. Problem setup and transformation of the problem from
physical domain to solution domain.

And the moving boundary condition that comes from the mass conservation:
dR
= −Jw
dt

(3.25)

The problem was solved by an in-house finite difference code developed in MATLAB® .

3.2.6 Measurement of Latent Heat Release by Differential Scanning
Calorimetry
The rate of latent heat release by an engineered tissue was determined as a
function of temperature using a differential scanning calorimeter (DSC) (DSC Q200,
TA Instruments). Engineered tissues were prepared as described before. Then, gel
sections with a diameter of approximately 2 mm were extracted by a biopsy punch
and transferred to DSC pans. The sample pans were sealed hermetically to avoid
any leakage of volatile components. The resulting sample masses were 5-6 mg. The
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sample was initially cooled to -30 °C to nucleate and warmed close to the phase
change temperature. Then, the sample was thermally equilibrated to have only a
small amount of ice crystals. This step ensured the presence of ice growth sites
in the sample prior to freezing and prevented the spontaneous ice nucleation that
would otherwise invalidate the measurements. The sample was then slowly cooled
to -30 °C with a cooling rate of 1 °C/min, which was considered to be slow enough
to avoid supercooling and approximate thermodynamic equilibrium conditions. The
rate of latent heat release was recorded as ice formed gradually in the sample. Three
repetitions were performed. To account for sensible heat effects and equipment flaws,
a linear baseline was constructed using the data points at temperatures: -20 and -25
°C, and extrapolated to the temperature range of interest. The rate of latent heat
release was obtained by subtracting the baseline from the overall DSC signal.

3.2.7 Determination of the Rate and Extent of Extracellular Freezing
In order to quantify the extent of extracellular ice formation, the frozen fraction,
F, was defined as the ratio of the volume of extracellular fluid that has formed ice to
the total volume of the extracellular fluid:

F =

Volume of interstitial fluid frozen
Total volume of interstitial fluid

(3.26)

For slow cooling rates, the freezing proceeds close to thermodynamic equilibrium
and both the rate of latent heat release and the frozen fraction can be considered as
functions of temperature only, i.e. q = q(T ), and F = F (T ), respectively. Then the
temperature rate of change of the frozen fraction is related to the latent heat release
as follows:
 
dF
1 q
dT
=−
where B = −
dT
B Qtotal
dt DSC

(3.27)
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Here, q is the time rate of latent heat release measured by the DSC, and Qtotal is
the total amount of latent heat release calculated by integrating with respect to
time. B is the cooling rate imposed by the DSC on the sample. F was obtained by
integrating eqn. (5) with respect to temperature accordingly. Note that the analysis
was performed by normalizing the DSC measurements with the value of latent heat of
fusion (276.4 ± 1.4 kJ/kg) so that the results are independent of the value of latent
heat.

3.2.8 REV Analysis of Freezing-induced Tissue Deformation in the Presence of CWT
This section presents a representative elementary volume (REV) analysis to describe
the freezing- induced dilatation as a function of extracellular ice formation and cellular
dehydration dynamics. Figure 3.3 shows a schematic of REV, that provides a volume
averaged representations of different ET compartments. States (I) and (II) correspond
to times before and during extracellular freezing, respectively. The ET is composed of
cellular and extracellular compartments, as indicated by subscripts (c) and (ec) in
Figure 3.3. Each compartment is associated with a solid (s) part that corresponds to
intracellular solutes, structures and organelles in the cell and extracellular solutes and
collagen fibrous network in the extracellular space. Each compartment also has a fluid
(f l) part standing for the intracellular and interstitial water surrounding the solid
parts. The engineered tissue is assumed to be fully saturated with the interstitial fluid.
As ice forms in the extracellular space, cells dehydrate and make more water available
for extracellular freezing. Meanwhile, the extracellular space expands increasing the
volume of the REV. In this analysis the possibility of intracellular ice formation
are not taken into account and cells contribute to freezing induced expansion by
CWT only. Furthermore, the REV is assumed to be a material volume such that
no mass flux occurs through its boundaries. Thus, the deformation is caused by

51

Figure 3.3. Schematic illustration of the representative elementary
volume (REV) of an engineered tissue (ET). States (I) and (II) correspond to before and during extracellular freezing. The ET is composed
of cellular (c) and extracellular (ec) compartments. Each compartment
has both solid (s) and fluid (f l) components. As ice forms in the
extracellular space, cells dehydrate and make more water available for
extracellular freezing. In the meantime the extracellular space expands
increasing the volume of the REV.

52
thermodynamic expansion only, and the redistribution of interstitial fluid due to
interstitial pressure gradients across the ET are also not taken into account. Those
assumptions are in accordance with the main purpose of this model, which is to
study the significance of cellular water transport rather than simulating the complete
spatiotemporal deformation of the ET.
The frozen fraction can also be expressed in terms of the variables in Figure 3.3 as
follows:
F =

Vec,f rozen
ρice Vec,ice
=
Vec,f l
ρf l Vec,f l

(3.28)

where Vec,f rozen is the volume of interstitial fluid that undergoes freezing, Vec,ice is the
volume of ice that forms during this process and, ρice and ρf l stand for the densities
of ice and interstitial fluid (water), respectively. Furthermore, some portion of the
cellular water becomes available for freezing as it is excluded to the extracellular space
by CWT. The volume of this excess water is represented by Vc,e in Figure 3.3.
Using Equation (3.28), the volume of the REV at an arbitrary time during freezing
can be written in terms of the initial (unfrozen) volume, frozen fraction and excess
water as follows:
VREV = VREV I + F (t)R Vec,f l I + Vc,e (t)



(3.29)

where R = ρf l /ρice − 1 is the relative density difference between the fluid and ice.
Here it was assumed that the volumes of the solid parts remain the same during
freezing. The superscript (II) over VREV was dropped for brevity. Thus, the rate of
freezing-induced dilatation in the ET can be determined as follows:

ė =

1
VREV

where φ =



dVREV
R (φ + CVe )
∂F
RF C
∂Ve
=
+
dt
1 + R (φ + CVe ) F ∂t
1 + R (φ + CVe ) F ∂t

Vec,f l
VREV

I

(3.30)

is the initial (unfrozen) porosity, C is the initial cell concentration

and Ve is the amount of water excluded per cell. Note that ė describes the rate of areal
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deformation in the tissue and is selected as the measure of freezing damage rather
than dilatation itself for comparison with previous studies [24, 50, 69]. This is different
than the case of intracellular deformation where dilatation is used as the measure of
deformation.
In summary, ė is expressed by Equation (3.30) as a function of the tissue properties:
initial porosity, and cell concentration; as well as the freezing conditions: frozen fraction,
the rate of ice formation, the amount of water excluded to the extracellular space
from cells and the rate of this water exclusion.
In order to quantify the contribution of CWT in freezing-induced tissue defromation,
relative dilatation rate was defined as:

∆ė =

ėCWT − ėNo CWT
max(ėCWT )

(3.31)

where the subscripts ėCWT and ė No CWT stand for the dilatation rates that occurred
in the presence and absence of CWT, respectively.

3.3 Results and Discussion
3.3.1 CWT by Cryomicroscopy
Cellular dehydration caused by freezing-induced water transport is presented in
Figure 3.4. Representative cryomicroscopy images of MCF7 are shown in Figure 3.4A.
Cells are initially at osmotic equilibrium with the extracellular solution which contains
only a few small round ice crystals. As the sample is cooled, the ice crystals rapidly
grow and the cells dehydrate significantly to reestablish osmotic equilibrium. The
dehydration continues but at a slower pace as the sample is cooled further to -40 °C.
Predictions and measurements of the change of cell volume with respect to the isotonic
volume with decreasing temperature are shown in Figure 3.4B. Both MCF7 and BR5
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Figure 3.4. Cellular water transport observed by cryomicroscopy.
(A) Micrographs showing dehydration of MCF-7 cells (marked by
arrows) in the presence of ice as temperature is decreased to -40 °C
by 10 °C/min. Cell volume change with respect to temperature are
shown for cases of (B) MCF-7 and (C) BR-5 for three different cooling
rates. Points indicate experimental data in terms of mean ± standard
deviation. Solid lines are best fits of membrane transport model. Vb is
osmotically inactive volume fraction obtained by equilibrium freezing.

dehydrate significantly for slow cooling rates: 5 and 10 °C/min and attains a volume
close to the osmotically inactive cell volume, Vb determined by equilibrium cooling
experiments. Th values of Vb are similar to ones reported for other cell lines [78, 93].
For the 30 °C/min cooling rate with MCF-7, about 10% of the freezable water was
trapped in the cell. However, However all freezeable water was excluded in BR5, but
in a delayed manner. The differences in the end volumes observed for different cooling
rates suggest that the resistance to CWT, which can be considered to originate from
the plasma membrane as well as the cytoplasm, depends on temperature and/or the
cooling rate. Similar results were obtained in previous studies [78, 94].
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3.3.2 Heterogeneity of Intracellular Deformation During CWT
In side experiments we used fluorescence particle tracking cryomicroscopy to
measure intracellular deformation during CWT. measured. Figure 3.5 provides and
example of time-lapse cryomicroscopy images and distribution of intracellular deformation for a cooling rate of 5 °C/min. Bright field images on the left panel show a
marked decrease in cell projected area with increasing time. Trajectories of selected
particles are superimposed on the fluorescence images (center panel). It can be seen
that the cell of interest has undergone considerable amount of translation and rigid
body rotation during freezing; however, contributions from rigid body motion were
canceled out during the deformation analysis outlined in Section 3.2.4. Images in
the right panel show the areal strain contours estimated from particle trajectories
and deformation analysis. The negative sign and decreasing trends of the Ea are
in accordance with the dehydration of cytoplasm during freezing. While the spatial
resolution of the measurements is limited by the size of the coarse interpolation grid,
some variations in dilatation across the cell can be observed. In order to quantify the
variation of deformation in intracellular space, cell was divided into zones based on
distance to cell centroid.
Figure 3.6 illustrates the grouping of the elements of computational grid into the
three zones and the time variation of mean areal strain (Ēa ) associated with each zone
for three cases. Case (A) and (B) correspond to cells frozen with a rate of 5 °C/min and
(C) is a case with 30 °C/min. It is observed that, for case (A), dilatation is generally
lowest in the zone 3 which involves the regions closest to the cell membrane indicating
that the greatest amount of deformation occurs here. Zone 1, on the other hand,
remains at relatively undeformed state, with significantly higher values of dilatation
during the first 150 seconds of freezing. The deformation of zone 2 stays in between
the two throughout the process. Interestingly in (A) there is a recovery towards
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Figure 3.5. Measurement of intracellular deformation by fluorescence
particle tracking cryomicroscopy. Displacement of cell boundary was
manually traced from bright field images (left panel). Displacement of
intracellular markers, indicated by colored lines, were determined by
single particle tracking (middle panel). Deformation was obtained by
differentiation of displacement field based on finite element approximation of discrete marker trajectories and reported in terms of areal
strain (right panel).
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the undeformed state after 100 s. In cases (B) and (C), the greatest deformation is
again observed for zone 3. In contrast to case (A), both show a relatively uniform
deformation with monotonic decrease of dilatation i.e. no recovery. Altogether, these
results provide evidence that the deformation of cytoplasm during freezing can be
heterogeneous, with regions near the membrane showing the greatest deformation.
The spatial heterogeneity and temporal trends of regional dehydration varies from cell
to cell in the same population and across cooling rates.

3.3.3 Predictions of CWT Computational Model with Poroelastic Cytoplasm
The model predictions for the spatiotemporal variation of Ea are presented in
Figure 3.7. As hydraulic conductivity, Khyd , is one of the key parameters in quantifying
the resistance to flow in a porous medium, the main focus was on the effect of Khyd
in intracellular deformation. Typical values for Khyd are reported to be between
7.5 × 10−14 and 2.2 × 10−15 m2 /Pa/s for human melanoma cells [91]. Therefore, the
simulations were conducted over a physiologically relevant regime where undeformed
hydraulic conductivity, Khyd,o was varied between 1.0 × 10−13 and 1.0 × 10−15 . It
can be seen that for the case where Khyd,o is the highest (Khyd,o = 1.0 × 10−13 ), the
distribution of the intracellular water and therefore the deformation across the cell
is uniform (Figure 3.7A). In this case, the flow resistance of cytoskeletal matrix can
be considered negligible. However as the hydraulic conductivity is decreased by a
factor of 10 and 100, the deformation of cytoplasm becomes increasingly non-uniform
(Figures 3.7B and 3.7C) where the highest deformation occurs in the vicinity of the
cell membrane and the center of the cell remains relatively undeformed. By comparing
the initial porosity with the magnitude of dilatation, it can be seen that, for the case
of Khyd,o = 1.0 × 10−15 m2 /Pa/s, about 65% of cytosol is drained from the matrix
near the cell membrane. The center of the cell on the other hand has lost less than
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Figure 3.6. Heterogeneity of intracellular deformation during freezing.
Finite elements are grouped into three different deformation zones
based on their distances to cell centroid at t = 0. (left panel). Variation
of mean areal strain with time for each deformation zone (right panel).
Cases A and B are for a cooling rate of 5 °C/min. Case C is for 30
°C/min. Error bars indicate the standard deviation.
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Figure 3.7. Predictions of intracellular areal strain, Ea , by CWT
computational model for varying levels of hydraulic conductivity. Top
panel shows the variation of Ea with normalized distance from cell
center. The time interval between each line trend is 20 seconds. The
bottom panel shows the variation of Ea at cell center vs. cell boundary
with time.

10% of its cytosol. In essence, the deformation of cytoplasm shows a varying degree of
heterogeneity for different hydraulic conductivities. This is an observation in agreement
with the intracellular deformation measurements. In particular, the model predictions
for low hydraulic conductivity compare well with case (A) in Figure 3.6 where the cell
undergoes highly non-uniform deformation and a similar recovery process near the cell
membrane. The responses observed in case (B) and (C) might correspond to cells with
higher hydraulic conductivities as both show relatively uniform deformation without
any recovery phase. Overall, these results suggest that hydraulic conductivity might
be a significant factor in affecting the intracellular deformation patterns that occur
during freezing. In above results the intracellular deformation, despite being highly
heterogeneous, typically does not have a significant effect on the amount of water
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transport from the cell during freezing. However for lower hydraulic conductivities,
the deformation near the cell membrane is likely to become even more pronounced.
The simulations conducted with hydraulic conductivities less than 1 × 10−15 m2 /Pa/s,
would stop prematurely when the magnitude of the dilatation approached the initial
porosity indicating complete collapse of cytoskeleton, and entrapment of the water
inside the cell. This phenomenon, designated here by hydraulic locking, is illustrated
in Figure 3.1, bottom panel. In that case the fluid efflux imposed by the boundary
condition could no longer be sustained and the problem becomes ill-posed. The cellular
dehydration trends for different K are compared in Figure 3.8A with the assumption
that once hydraulic locking occurs in a cell, it prevails through the freezing. This is a
reasonable assumption since the osmotic pressure gradient across the cell membrane
rises and acts in favor of hydraulic locking with decreasing temperature. In that
case, it is observed that, over a small range of hydraulic conductivities i.e. (1 to
6 × 10−16 m2 /Pa/s) just below the physiological range, membrane water transport
stops abruptly at different levels of dehydration indicating that hydraulic locking is a
possible mechanism that affects the cellular water transport during freezing.
This prediction is supported by the dehydration trends observed in cryomicroscopy
experiments where some cells exhibit marked deviations from mean dehydration
response as shown in Figure 3.8B. An example is the abrupt stopping of dehydration
(red) with a trend similar to predictions, which might indicate the occurrence of
hydraulic locking. In addition, a reswelling response where the cell recovers some of
its volume after some time is also illustrated (blue). It is possible that, reswelling
is caused by transport of intracellular solutes towards the cell membrane. As the
cell membrane is impermeable to those solutes, they accumulate near the membrane
and decrease, and eventually reverse the osmotic water flux outside the cell. It is
also important to note that the locations of greatest cytoskeletal collapse are also
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Figure 3.8. Hydraulic locking occurs for decreased values of cytoplasm
hydraulic conductivities and results in arrested CWT. (A) Simulated
cell volume changes with undeformed hydraulic conductivities lower
than 1 × 10−15 m2 /Pa/s. (B) Experimentally observed deviations
from mean dehydration response in individual cells. Abruptly stopped
dehydration points to possibility of hydraulic locking. Some cells
exhibited a reswelling behavior that may be related to transport of
solutes in the cytoplasm.
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the locations experiencing the greatest intracellular compressive stress. It is possible
that, cytoskeletal collapse is one of the reasons of cytoskeletal damage that has been
observed upon freezing in previous studies [95, 96].

3.3.4 Estimation of Extracellular Freezing Kinetics
In order to access the rate of ice formation in ETs, latent heat release associated
with freezing was measured by DSC. The freezing thermogram showing the rate of
latent heat release with decreasing temperature is provided in Figure 3.9. When
normalized by the total latent heat release and integrated with respect to time, this
signal gives the frozen fraction plotted against the right axes in the figure. It can be
observed that ice formation is rapid with more than 80% of the ice forming before
the temperature reaches -5 °C. This observation is consistent with the cryomicroscopy
results showing that a significant portion of the dehydration occurs within that
temperature range.

3.3.5 Simulation of Freezing-induced Tissue Deformation in the Presence of CWT
The directional freezing of engineered tissues was studied in an idealized onedimensional setting consistent with previous experiments [24, 50, 69]. In this case the
freeze front propagates along x-direction with initial location at the edge of the cold
post. Results are presented in Figure 3.10. Based on the temperature profiles in
Figure 3.10A, the change in the amount of water in the cell and the frozen fraction of
the extracellular medium with time were computed for two axial locations: x = 2000
and 4000 m, and are provided in Figure 3.10B and C. The extent of water transport,
Figure 3.10B, is greater for x = 2000 µm since that region is exposed to freezing
temperatures for a longer period of time than for x = 4000 µm. The ice formation
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Figure 3.9. Extracellular freezing kinetics in engineered tissues. Rate
of latent heat release (solid line) and the frozen fraction calculated by
cumulative integration of the rate of latent heat release with respect
to time (dashed line).

64
also occurs faster at x = 4000 µm as can be seen from the slope of the frozen fraction,
3.10C. This is mostly due to higher cooling rates observed at this location when
compared to x = 4000 µm, which is farther away from the cold post. This trend
also appears in the estimation of freezing-induced dilatation rate that is shown in
Figure 3.10D. As the local temperature is below the phase change temperature, an
expansion is predicted with a rate that increases rapidly, attains a peak and decreases
gradually. Since both cellular water transport and extracellular ice formation are
favored at locations close to the cold terminal, the engineered tissue undergoes a more
rapid expansion at x = 2000 µm than at x = 4000 µm. This result agrees well with
the experimental deformation rate profiles in previous studies [24, 50, 69], in which the
maximum dilatation is observed right after the freezing interface.
Figure 3.11A shows the isolated effect of the CWT on freezing-induced dilatation
for difference cell concentrations in the tissue. It is readily seen that the magnitude of
freezing-induced dilatation rate remains approximately the same for concentrations
less than 2 × 107 cells/mL but starts to decrease appreciably with further increase
in the concentration for both in the presence and absence of CWT. Figure 3.11B
shows the variation of relative dilatation rate, ∆ė with temperature at various cell
concentrations. ∆ė indicates the contribution of CWT in tissue deformation rate as
defined in eqn. (3.31) It is noted that ∆ė becomes larger with increasing concentration,
and it can account for nearly half of the deformation for tissues densely packed with
cells.
The analysis above reveals that neither the change in concentration of the cells
within levels typically encountered in engineered tissues (< 1 × 106 cells/mL) nor their
osmotic activity in terms of CWT produced an important effect on the magnitude
of dilatation rate across the tissue. However, CWT may be significant in native
tissues which have significantly higher cellular density and a more complex spatial
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Figure 3.10. Simulation of tissue expansion during freezing in the presence of CWT. The simulations were performed for a one dimensional
directional freezing scenario experimentally studied in previous works
of Teo [24, 69] and Seawright [50]. (A) Experimentally determined
temperature profiles. Adapted from Seawright and Ozcelikkale [50].
The simulated trends for (B) CWT trends, (C) Frozen Fraction, (D)
Rate of freezing-induced expansion reported in terms of dilatation rate.
x is the distance from the cold post where the freeze front is initiated.
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Figure 3.11. Contribution of CWT to freezing-induced tissue deformation rate. (A) The variation of estimated freezing-induced dilatation
rate with decreasing temperature for different concentrations of cells
in the presence (solid lines) and absence (dashed lines) of CWT. (B)
The variation of relative difference of freezing-induced dilatation rate
due to occurrence of CWT.
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organization compared to ETs. As an example, the chondrocyte concentration in
the articular cartilage ranges between 1 to 2 × 107 cells/mL, which is more than an
order of magnitude greater than that of typical engineered tissue [4, 97]. The myocyte
content in heart tissue is even higher with 1 × 108 cells/mL [98]. Therefore, the effects
of the presence and the osmotic activity of the cells should be considered for native
tissues as well. As the cell concentration is increased, although the amount of cellular
water transport increases, the freezing-induced deformation can become smaller. This
is explained by the fact that, for higher concentrations, the cells occupy more space in
the tissue, which decreases the porosity and the relative amount of interstitial fluid.
The reduction in the water content that is available for extracellular freezing results
in a decrease in the freezing-induced deformation rate. The differences between the
cases in the presence and absence of CWT indicate that the amount of cellular water
excluded to the extracellular space becomes appreciable at high cell concentrations,
e.g. 107 − 108 cells/mL. As a result, CWT is expected to play a significant role in the
freezing-induced deformation of biological tissues.

3.3.6 Implications to Tissue Cryopreservation
Cooling rate is one of the key parameters that determine the outcomes of cryopreservation protocols. Our model provides insight into how cooling rate affects the
tissue deformation depending on the composition and biophysical characteristics of
the tissue. Examination of Equation (3.30) reveals that tissue deformation rate is
directly proportional to the rate of ice formation in the extracellular space, ∂F/∂t. In
addition, the magnitude of ∂F/∂t is related to the cooling rate, B, as follows:
∂F
∂F ∂T
∂F
=
·
=B
∂t
∂T ∂t
∂T

(3.32)
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where ∂F/∂t is a function of temperature that has been determined experimentally in
our study. Alternatively a functional relationship for ∂F/∂t based on binary phase
diagram of physiological solutions can be found in the literature [99]. Secondly,
tissue porosity, φ, and cell concentration, C, are the two main tissue characteristics
that appear in Equation (3.30) and they are also expected to be important to the
deformation of the tissue.
For the sake of discussion, let us consider two limiting cases where, (i) CVe  φ,
representing a tissue with low cell content and (ii) CVe  φ, representing a tissue
densely packed with cells. The former is an idealization of engineered tissues (φ > 0.99
and CVe  1) and the latter is a case that is well approximated with native tissues.
An example to case (ii) is mammalian liver tissue where φ < 0.05 and CVe ' 0.6 [100].
For case (i), it can be shown that the first term on the right hand side of Equation
(3.30) becomes much greater than the second term. Therefore the dilatation rate can
be approximated by:
e'

Rφ ∂F
(CVe  φ)
1 + RφF ∂t

(3.33)

where the coefficient of ∂F/∂t becomes a monotonically decreasing function of time
during freezing. Considering Equations (3.32) and (3.33) together, it is seen that,
deformation rate is expected to increase with increasing cooling rate. As a result, a slow
cooling rate is desirable to minimize the freezing-induced deformation of engineered
tissues during cryopreservation.
In case (ii), Equation (3.30) becomes,

e'

∂(F V )e
RC
1 + RCF Ve ∂t

(3.34)

Therefore dilatation rate is limited by the rate of water exclusion from the cells
multiplied by the frozen fraction. Then competing effects of cooling rate on both
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extracellular ice formation and cellular water transport dynamics become equally
important in determining tissue deformation. In fact, hindrance of water transport by
increased cooling rate can be significant enough to counteract the effects of increasing
cooling rate on extracellular ice formation. Therefore, for the case of cells with high cell
content, it might be possible that there exists an optimal cooling rate that minimizes
deformation of the tissue during cryopreservation. This optimal cooling rate depends
on the composition of the tissue and cellular water transport parameters of the cells
within.
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4. EFFECTS OF FREEZE/THAW ON CELL-ECM INTERACTIONS
DURING MIGRATION OF FIBROBLAST ON COLLAGEN HYDROGELS
4.1 Introduction
Cryopreservation can enable long term storage of tissues and organs while preserving their structure and functionality [7, 50]. On-shelf graft availability will ultimately
improve the logistics of demand-supply chain in transplantation industry [101]. Development of new tissue engineering products also presents a current need for successful
tissue cryopreservation protocols. In order to achieve these goals, effects of freezing on
biomaterial functionality needs to be understood.
Biosynthetic skin substitutes are tissue engineering constructs that are being
developed to improve healing response in deep tissue wounds and skin reconstruction.
They find application particularly in treatment of chronic (non-healing) wounds where
augmentation of wound closure is necessary [102]. Collagen based acellular constructs
are considered for these applications especially as an exogenous provisional matrix at
wound site that is initially infiltrated by host cells, remodeled and eventually replaced
by regenerated tissue [5]. Fibroblasts play a critical role in this process by synthesizing
and remodeling the ECM. For successful healing fibroblasts must migrate into the
wound site [103]. The later stages of granulation tissue formation and wound closure
depend on proper infiltration of this provisional matrix by fibroblasts. Interactions
of fibroblast with the ECM defines the basic functional response that needs to be
preserved upon cryopreservation of collagen acellular constructs.
Cell-ECM interactions are complex, involving both migration of cells and deformation of ECM that needs to be considered together to assess functionality. Mechanical
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cues induced on cells by the ECM are now known to play a major role in migration [104, 105]. The regulation of single cell migration by ECM mechanical properties
and microstructure are well studied [106–109]. However it has been reported that
fibroblasts are recruited to the wound site as a group, by so-called en masse movement,
rather than as a single cell [110]. This en masse movement suggest a degree of coordination in fibroblast wound healing behavior that can be explained by mechanical cues
that arise due to cell-ECM interactions. Traction forces generated simultaneously by
multiple cells can deform the compliant ECM and result in bi-directional interactions
between cells and their mechanical environment.
While active role of cells in modulating their environment during en masse migration
have recently been recognized [111] the dynamics of this process have not been clearly
understood. The transients of migration process is important to understand the
cell-matrix interactions. For instance, coordinated tissue expansion of epithelial cells is
guided by formation of mechanical waves traveling across cells [112, 113]. Fibroblasts
lack the strong cell-cell adhesions found in epithelial cells, limiting the effect of such
direct forces on cell-cell interactions on migration. It is possible that spatiotemporal
substrate deformation and stresses are the guiding factors in en masse fibroblast
migration. In this study, this question is addressed by performing time-resolved
measurements of cell and ECM movement during en masse migration of fibroblasts
on collagen hydrogels. Collagen hydrogels served as the model system for collagen
based acellular constructs. Effects of freeze/thaw (F/T) were tested against unfrozen
controls where independent changes were induced in unfrozen hydrogel microstructure
by varying collagen concentration. Migration on these compliant hydrogels were also
compared to that on collagen coated coverslips. Hydrogel deformation was quantified
by a newly developed image based tissue deformetry technique using incremental
particle image velocimetry [114, 115]. Results indicate to decreased cell-mediated
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matrix deformation in the case of F/T that is not explained by either the decrease
of bulk mechanical properties upon F/T or weakening of hydrogel microstructure by
decreasing collagen concentrations. The results suggest freezing-induced changes in
collagen structure adversely affect cell-matrix adhesion.

4.2 Material and Methods
4.2.1 Cell Culture and Reagents
Early passage human foreskin fibroblasts, by courtesy of Dr. Frederick Grinnell at
Department of Cell Biology, University of Texas Southwestern Medical Center were
maintained in culture medium (DMEM/F12, Invitrogen, NY) supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and 100 g/ml penicillin/streptomycin. The
fibroblasts were cultured up to 15th passage in 75 cm2 T-flasks at 37°C and 5% CO2.
The cells were consistently harvested at 80% confluency by using 0.05% trypsin and
0.53 mM EDTA.
For selective cell seeding, 2 × 105 cells were retrieved from flask and centrifuged at
2000 rpm for 4 minutes. Cell pellet was transferred into 500 µL of targeted quantum
dot solution (Q-tracker 655, Invitrogen, NY) diluted in culture medium at 1:500 ratio
according to manufacturer’s protocol and incubated for 30 minutes. Then cells were
centrifuged two times while being washed with unsupplemented culture medium in
between. The resulting cell pellet was resuspended in 80 µL of unsupplemented culture
medium and used in tissue expansion assay as described in section 4.2.3.
Experiments were conducted in a promigratory growth factor medium with reduced
serum content that contained culture medium supplemented with 1% fetal bovine
serum, 2 mM L-glutamine, and 100 g/ml penicillin/streptomycin and 50 ng/mL human
platelet-derived growth factor (PDGF-BB, Millipore, MA).
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4.2.2 Collagen Hydrogels
Collagen hydrogels were prepared as described previously in section 2.2.1 with a
few modifications.
500 µL of neutralized collagen solution was prepared with previous protocol except
25 µL of distilled water was substituted for stock solution of fluorescent microspheres
(G1000B, Thermoscientific) with 10 µm diameter and stock concentration of 1.8 ×
107 particles/mL. Hydrogels were allowed to polymerize by incubating at 37°C for
30 minutes. Then sample was sealed with laboratory parafilm to keep the hydrogels
hydrated during incubation. The hydrogels were used in experiments after overnight
incubation.
Experiments were conducted with three collagen concentrations, 1.5, 3.0 and 6.0
mg/mL. In order to study the effects of freeze/thaw treatment, hydrogels with 6.0
mg/mL concentration were frozen to -60°C as described in section 2.2.3. During
this process, the sample was positioned on DSS such that prospective location of
seeding region was frozen and freezing temperature increased towards other side of the
hydrogel starting from the migration baseline. This protocol mimicked the direction of
temperature gradients that occur during typical tissue cryopreservation procedures [70].
F/T hydrogels were incubated for 3 hours post-thaw before being used in experiments.

4.2.3 Tissue Expansion Assay
Figure 4.1 illustrates the tissue expansion assay in this study. A customized sample
holder was prepared by bonding a rectangular frame, a blocker and four support posts,
all made from polydimethylsiloxane (PDMS), to the interior of a 1-well chamber slide
(NuncTM Labtek-IITM , Fisher Sci.) as shown in Figure 4.1A. The bonding was carried
out by treatment of each surface by oxygen plasma, bringing them into contact and
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baking at 75 °C overnight. Use of this customized chamber with reduced size and
additional structural support enabled reproducible preparation of samples with small
amounts of collagen solution and growth factor medium.
Cells were selectively seeded on collagen hydrogels in four steps illustrated in
Figure 4.1B and described below as follows:
(i) Neutralized collagen solutions were prepared as described in section 4.2.2. Then
400 µL of solution was dispensed and uniformly distributed in the region bounded
by the PDMS frame. Upon incubation at 37 °C, hydrogels with rectangular
sections that have thicknesses varying between 0.9 and 1.3 mm were obtained.
(ii) A hollow PDMS stamp was sterilized by 70% ethanol and ozone and cleaved by
an adhesive tape. Then it was placed on top of the hydrogel. The PDMS stamp
sealed with the underlying hydrogel surface and formed a rectangular cavity. 80
µLof culture medium containing fibroblasts was dispensed in that region and
the sample was incubated for 30 minutes during which cells settled down onto
the surface and attached to the substrate.
(iii) At the end of incubation culture medium was removed and stamp was carefully
lifted from hydrogel surface by a pair of tweezers.
(iv) The chamber was filled by 1 mL of promigratory growth factor medium.
Figure 4.2 presents the sample layout obtained as a result of above procedure. Cells
formed a densely packed rectangular monolayer from which they freely migrated out
into the unpopulated regions. In the absence of posts, traction forces generated by
cells in this region often caused detachment of hydrogel at boundaries. In that case
substantial translation and distortion of the hydrogel over the course of experiment
precluded meaningful measurements of deformation and migration. Use of support
posts helped reduce the overall stress in hydrogel and enabled reproducible generation
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Figure 4.1. An illustration of tissue expansion assay (A) Customized
chamber slide as a sample holder. (B) Steps of selective cell seeding.
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Figure 4.2. Sample layout and region of interest in experiments.

of migration settings. Time-lapse measurements were performed at a region of interest
(ROI) located at the center of right hand side seeding boundary. Both cell migration
and hydrogel deformation were observed in this ROI during the experiments.

4.2.4 Fluorescence Microscopy
Sample was placed in a stage top incubator (Okolab H501-EC, Warner Instruments,
CT USA) and imaged under an inverted epifluorescence microscope (IX71, Olympus,
Japan) with 10X objective every 15 minutes for 24 hours. Figure 4.3A presents a
partial view of the initial imaging field of view (FOV) where fibroblast monolayer
and unpopulated collagen gels are separated by a distinct baseline. The origin of
the coordinates used for data analysis also coincides with the baseline. At each time
point images were acquired at multiple focal planes 100 µm apart with positions
between hydrogel surface and 500 µm depth into the hydrogel. In addition to the
bright field illumination, fluorescence imaging at with two excitation/emission (ex/em)
wavelengths was performed. The fluorescence signals associated with extracellular
markers i.e. 10 µm microspheres, and intracellular markers i.e. quantum dots, were
acquired at FITC (ex/em: 495 nm / 519 nm) and TRITC (ex/em: 547 nm / 573
nm) channels respectively. All images were captured by a CCD camera (Retiga
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Figure 4.3. Time-lapse fluorescence microscopy for observation of
simultaneous cell migration and tissue deformation. (A) A partial
view of imaging ROI showing the migration baseline and coordinate
system. Images were acquired at multiple focal planes with positions
ranging from hydrogel surface (z = 0 µm) to 500 µm into the hydrogel
(z = 500 µm). (B) Composite images with fibroblast and intracellular
and extracellular markers.

2000R, Qimaging, Canada). Figure 4.3B shows an example of composite images with
fibroblast and intracellular and extracellular markers.
Cell migration was quantified by considering the changes in distribution of the
cells over time with respect to baseline. For this purpose, quantum dot intensity was
averaged over y-direction and normalized based on the intensity at seeding region at
each time point.

4.2.5 Dynamic Mechanical Analysis (DMA)
Mechanical properties of collagen gels were measured by a dynamic mechanical
analyzer (Q800, TA Instruments, DE) using circular hydrogel specimens with 12 mm
diameter and approximately 3 mm thickness. Force-displacement measurements were
performed during unconfined compression of the hydrogel between two parallel plates
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by application of a loading ramp from 0 to 10 mN with a rate of 2 mN/min. During
compression, the gel was fully immersed in physiological saline solution (PBS) and
free flow of interstitial fluid in and out of the gel was allowed through its lateral
boundaries.
The dominant hydrogel behavior during unconfined compression was considered to
be poroelastic. The problem was modeled based on previous work of Armstrong et
al. [116] that reported an analytical solution for unconfined compression of a poroelastic
solid. Armstrong et al. [116] provides a relationship between the nondimensional
force and resulting strain in Laplace transform space. The details of their analysis is
provided in the reference [116] and only the results are outlined here.
√
#
√
( s)
s I1√
I0 ( s) − 2µ
H
s
s
√
ε̂(s) = fˆ(s) ·
√
( s)
s I1√
3I0 ( s) − 8µ
Hs
s

"

(4.1)

where ε̂(s) and fˆ(s) are the Laplace transform of axial strain ε(t) and nondimensional
force f∗ (t). I0 and I1 are the Bessel functions of second kind. Then experimental
stress strain curve was fitted with model predictions to estimate the elastic modulus
and hydraulic conductivity.

4.2.6 Tissue Deformetry by Incremental Particle Image Velocimetry (I-PIV)
In order to determine the hydrogel displacement, Time-lapse fluorescence images of
extracellular markers were analyzed by digital particle image velocimetry (PIV) [117].
PIV is used to estimate the velocity field by cross-correlation of a pair of images
acquired at successive time points. The velocity field is spatially resolved due to
division of images into multiple interrogation windows. PIV image analysis in this
study is based on a multi-pass window deformation technique [118] implemented in
commercial software, DaVis, (LaVision, MI). Interrogation windows size was iteratively
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decreased from 256×256 to 64×64 pixels. 3 to 4 iterations were performed at each
window size. The overlap between interrogation windows was set to 50% for all window
sizes.
The result of PIV analysis is a velocity field obtained at fixed points on image
i.e. based on a Eulerian reference frame. The actual movement of hydrogel,on
the other hand, is represented by material points that travel through this velocity
field. The trajectories of material points were therefore obtained by seeding a grid
of hypothetical particles in the FOV at first time point and following their path
through integration along the PIV velocity field. The integration was performed using
a second order accurate time marching scheme. Since the material displacement was
obtained by integration of PIV velocity field, this technique is referred to as incremental
PIV (I-PIV). Similar image based deformetry techniques have been reported in the
literature [114]
As an alternative method to estimate the hydrogel displacement and a mean to
validate the PIV field, trajectories of extracellular markers were also determined by
single particle tracking (SPT). SPT was performed using Trackmate [119] distributed
in Fiji/ImageJ image analysis software [59]. The resulting trajectories were manually
inspected for accuracy before comparing them with trajectories obtained based on PIV.
Ideally, trajectories integrated from the PIV field should be same as the trajectories of
extracellular markers. The resulting material point tracks are shown in Figure 4.4A.
In order to assess the accuracy of tracking by PIV, the motion of the ECM markers
tracked by PTV were simulated by PIV as described above. The displacements of
the resulting tracks were compared against those obtained from PTV as illustrated in
Figure 4.4B. The results obtained by PIV were found to be in good agreement with
PTV but showed slight underestimation at high levels of displacement.
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Figure 4.4. Validation of incremental PIV tissue deformetry. (A)
Marker trajectories determined by incremental PIV (I-PIV) and single
particle tracking (SPT). (B) Comparison of final marker displacements
I-PIV and SPT for 250 randomly selected markers. y = x line indicates perfect match. (C) The degree of similarity between I-PIV and
SPT based distance and velocity magnitudes. y-axis indicates the
percentage of trajectories that satify the minimum level of similarity
coefficient given in x-axis. (D) Maximum relative error of I-PIV based
distance and velocity magnitudes with respect to SPT.
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Calculation of areal strain was performed as described in Section 3.2.4. The
calculated deformation metrics can be related to hydrogel stresses by an appropriate
material model. In this study, collagen hydrogel was assumed to be a hyperelastic
solid with Neo-Hookean constitutive model where Cauchy stress tensor, σ is given by,
µ1
σ = 5/3
J




1
B − tr (B) I + K1 (J − 1) I
3

(4.2)

where B is the left Cauchy-Green deformation tensor related to deformation gradient
by B = FFT , J is the infinitesimal volume change as defined previously, I is the
Kronecker Delta and µ1 and K1 are material constants that are approximated by the
shear modulus and bulk modulus of the hydrogel, respectively [120]. Therefore, based
on the knowledge of the material properties obtained by DMA measurements, and
deformation metrics obtained by I-PIV tissue deformetry, it was possible to estimate
the hydrogel stresses.

4.3 Results and Discussion
4.3.1 Cell Migratory Behavior on Collagen Hydrogels
Cell migratory behavior on hydrogels was markedly different from that on collagen
coated coverslip. Figure 4.5 presents micrographs of migration baseline acquired at
several time points for the two cases. It was seen that cells on hydrogel first remodeled
this deformable substrate by contraction. The mass contraction of fibroblast resulted
in displacement of migration baseline from its initial position towards seeding region.
Only after a partial release of this stress, cells started migrating without any apparent
sign of coordination. This initial remodeling phase was not observed on coverslip.
In that case, cells emerged from the baseline as a group after around 4 hours and
performed a unidirectional stream-like movement.
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Figure 4.5. Cell migratory behavior on collagen coated coverslip (left)
vs. collagen hydrogel (right).
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Figure 4.6. Cell morphology near vs. far away from the migration
baseline. Scale bars are 20 µm.

Cell morphology was different at near and far away from the baseline. The
migration field near the baseline was densely populated with cells that were partially
overlapped and showed elongated morphology. Individual cells that migrated far away
from baseline exhibited spreading with extended lamellipodia as shown in Figure 4.6.
The localization of cells through the course of experiments as determined by
quantum dot intensities is illustrated in Figure 4.7A for representative coverslip and
hydrogel cases. The previously observed differences of cell migratory behavior between
coverslip and hydrogel are also observed here. In both cases, cells start to migrate
after several hours as noted by an increase in quantum dot intensity on the right hand
side of baseline. The comparison of migration distances after 24 hours is presented in
Figure 4.7B. Cells traveled significantly longer distances on coverslip than on hydrogel.
The distance traveled on hydrogel increased by increasing collagen concentration,
however the differences were not significant. The migration distance wasn’t affected
by freeze/thaw either. Furthermore, the onset of migration was delayed on hydrogels
(Figure 4.7C) and the amount of delay increased by decreasing gel concentration and
freeze/thaw.
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Figure 4.7. Quantification of cell migration. (A) Evolution of yaveraged quantum dot (QD) intensity over the course of experiments.
Intensity is normalized at each time point with respect to the mean
intensity in the seeding region. (B) Migration distances after 24 hours.
(C) Onset of migration.
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Figure 4.8. (A) Evolution of baseline displacement. (B) Maximum
baseline displacement.

4.3.2 Cell-mediated Hydrogel Deformation
Using I-PIV based tissue deformetry, the extent, distribution and evolution of
cell-mediated hydrogel deformation were estimated. Figures 4.8A and 4.8B compare
the amount of baseline displacement on hydrogels that was observed during the
remodeling phase. 1.5 mg/mL showed the greatest amount of baseline displacement.
The amount of displacement decreased by increasing collagen concentration and the
differences between groups were significant. Interestingly hydrogel treated by F/T
showed less baseline displacement than the unfrozen case, however the difference was
not significant.
Timelapse deformation contours presented in 4.9 compare deformations of hydrogels
with low (1.5 mg/mL) and high (6.0 mg/mL) density collagen. Within the first few
hours, seeding region (X < 0) underwent gradual compaction indicated by the negative
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values of areal strain. The compaction is considered to be due to attachment and
spreading of fibroblast. An increasing expansion in the migration region was also
observed. After onset of migration the trend started to get reversed and matrix in
migration region was compressed. The region of compression increased as the migration
front advanced. After 24 hours, there was a net expansion in the seeding region and a
net compression in the migration region particularly in the vicinity of the baseline.
The magnitude of compression was greater and the region affected was wider for low
collagen density when compared to high collagen density. The evolution of mean areal
strain as affected by different factors is displayed in Figure 4.10. First of all, it is seen
that deformation is most prominent at the gel surface and it is attenuated into the
hydrogel indicating that deformation is a local surface phenomena (Figure 4.10A).
Furthermore the amount of deformation increases and deformation becomes less
uniform with decreasing collagen concentration (Figure 4.10B). Interestingly the
amount of deformation decreases by freeze/thaw. Figure 4.11A shows the mean baseline
deformation through the course of experiments. It is clear that overall deformation
at the baseline was compressive and increased by decreasing collagen concentration.
Highest magnitudes of deformation were attained at the end of experiments. However
the deformations at the onset of migration were significantly less and were comparable
for all treatment groups as presented in Figure 4.11B.

4.3.3 Cell-mediated Hydrogel Stresses
In the next step, cell-mediated stresses applied on hydrogels were estimated based
on the measured deformation. In order to link deformation to stress the knowledge of
hydrogel mechanical properties is necessary. For this purpose, poroelastic properties
of hydrogels were characterized using dynamic mechanical analysis. Results are shown
in Figure 4.12. Elastic modulus was found to be between 150 and 700 Pa and showed

87

Figure 4.9. Spatiotemporal volumetric strain contours for low density (1.5 mg/mL) and high density (6.0 mg/mL) hydrogels. Ellipses
indicating principal stretch directions are also shown.
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Figure 4.10. Mean areal strain kymographs. Effects of (A) distance
from hydrogel surface (into the hydrogel), (B) collagen concentration,
(C) freeze/thaw treatment.
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Figure 4.11. (A) Evolution of baseline areal strain in terms of areal
strain over 24 hours of experiment. (B) Baseline areal strain at onset
of migration.
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Figure 4.12. (A) Elastic modulus and (B) hydraulic conductivity of
collagen hydrogels as measured by DMA.

a significant increase with collagen concentration. F/T treatment resulted in a notable
decrease, between 10 and 35%, in elastic modulus with respect to unfrozen. However
the differences were not statistically significant for either 6.0 or 3.0 mg/mL collagen
concentrations. Hydraulic conductivity showed a reverse trend. It decreased with
increasing collagen concentration and increased upon freeze/thaw treatment. The
values were between 1×10−10 and 2×10−9 m2 /Pa·s. The elastic modulus and hydraulic
conductivity values for collagen hydrogels are summarized in Table 4.1. The elastic
modulus values were used to estimate hydrogel stresses from deformation.
Figure 4.13A illustrates the comparison of cell-mediated traction forces on unfrozen
vs. F/T hydrogels. Cells apply lower levels of traction stresses on F/T when compared
to unfrozen hydrogel. It is also observed that stresses applied on the hydrogel at
the onset of migration get diminished at lower collagen concentrations as shown
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Table 4.1. Elastic modulus and hydraulic conductivity of collagen
hydrogels as measured by DMA. Values are reported as mean ±
standard deviation.
Treatment

UF

F/T

Collagen Conc.
(mg/mL)

Es
(Pa)

Khyd × 1010
(m2 /Pa·s)

1.5
3
6

166.5 ± 30.8
421.5 ± 38.9
708.1 ± 186.3

21 ± 7.6
3.1 ± 1.4
1.9 ± 0.5

1.5
3
6

274.9 ± 16.5
620.0 ± 70.7

6.7 ± 3.8
2.9 ± 0.4
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in Figure 4.13B. These stresses include normal stress in x-direction, magnitude of
maximum principle stress and cell-mediated traction force in x-direction per unit area.
It is important to note that traction force is associated with significant variability
within treatment groups. This is partly explained by differentiation of stress field
for calculation of traction force, that could have amplified the noise in displacement
measurements.

4.3.4 Effects of F/T on Cell-ECM Interactions
In the light of these findings, it is concluded that F/T treatment can result in
changes in hydrogel structure that affects cell migration behavior. The changes
are subtle in the sense that they generally didn’t resulted in statistically significant
differences with respect to unfrozen. However, overall trends indicate that onset of
cell migration on F/T hydrogels is delayed. Furthermore bulk mechanical properties
are decreased upon F/T. This trend is similar to reduction of mechanical property in
unfrozen hydrogels by the use of lower collagen concentrations (3.0 and 1.5 mg/mL
compared to 6.0 mg/mL). However F/T and lowered collagen concentrations resulted
in distinctly different deformation responses of hydrogels. Hydrogels with 3.0 and
1.5 mg/mL collagen concentrations deformed significantly more than 6.0 mg/mL. In
contrast 6.0 mg/mL (F/T) deformed even less than its unfrozen counterpart. This
was accompanied by decreased amount of traction forces that were applied by the
cells on matrix upon F/T. These results could indicate to diminished ability of cells to
attach on F/T collagen matrix. Microstructural changes associated with independent
modulation of collagen concentration in unfrozen hydrogels do not show this trend.
Altered collagen fibril structure upon F/T that was studied in Chapter 2 is a potential
reason for differences observed in interactions between fibroblast and collagen ECM
upon F/T.
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Figure 4.13. Cell-mediated stresses on collagen hydrogel. (A) Kymographs comparing development of cell-mediated traction forces on
unfrozen vs. F/T hydrogels. (B) Comparison of baseline normal
stresses and traction forces at the onset of migration.
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5. CONCLUSIONS
In this dissertation, freezing induced deformation processes that occur at multiple
length scales involving nanometer-scale protein fibrils, single cells and whole tissues
were studied.
In Chapter 2 it is found that thermal stability of collagen ECM can be different
before and after freeze/thaw. However the difference is observed only in a hydrogel
environment where collagen has assembled into fibrils. Supported by structural
evaluation of collagen and biophysical modeling, these results indicate to a type of
fibril damage that is by freezing-induced expansion of intrafibrillar fluid. Therefore the
main cryo damage mechanism in this study is found to be a deformation process that
elicits itself in post-thaw thermal stability. In contrast, thermal stability is preserved
upon freeze/thaw if collagen is maintained at macromolecular state. In other words
momentary exposure to temperatures as low as -60 °C does not seem to have a lasting
effect on molecular collagen. These findings are reassuring given the concerns on low
temperature stability of proteins [28–30]. Collagen considered in this study1 appears
to be tougher than some other proteins that has undergone cold denaturation well
above -60 °C [34, 35].
The findings of Chapter 2 also calls attention to main mode of cryo damage in
tissue ECM. ECM is deformed by freeze/thaw at both fibril and microstructural levels.
Therefore, even in the absence of thermodynamic/biochemical cryo damage, structural/mechanical effects associated with ice formation can lead to changes in collagen
1

Type-1 rat tail collagen, Type-1 collagen is the most abundant variant of this protein in human
body. There are over 20 other types of collagen each with distinct molecular structure and potentially
different freeze/thaw response [121].

95
ECM. Ironically, some of these changes are reflected in post-thaw thermodynamic
properties such as thermal denaturation temperature. Therefore it is interesting to
note that one of the common practices in calorimetric research that uses collagen tissue
extracts is to keep the specimens at frozen storage until they are used in experiments
e.g. [53, 122]. This practice now needs to be avoided given it is clear that freeze/thaw
introduces a confounding effect in post-thaw thermal denaturation measurements.
Since the bulk tissue ECM is destabilized when frozen/thawed, this makes it more
vulnerable to subsequent heating effects. Therefore it may be possible to use this newly
found destabilizing effect of freeze/thaw as a way of preconditioning the target tissue in
hyperthermia therapy where treatment action is partly by denaturation of extracellular
collagen. Collagen destabilized by freeze/thaw would require reduced amount of heat
during the treatment and could help lower the risk of damage to surrounding tissues
by limiting the diffusion of locally applied heat. Since freezing alone is damaging
to various tissue components analysis of the ultimate outcome of treatments with
such preconditioning would be complex. However the computational model presented
in Chapter 2 can provide a starting point by predicting the destabilizing effects
freeze/thaw on tissue ECM based on specific information of collagen fibril-level
porosity. Finally, since collagen molecule remains intact but its fibril assembly and
matrix level microstructure are damaged, changes in other functional properties of
ECM in tissue environment, such as such load bearing capacity are also expected.
This expectation is indeed verified in Chapter 4 where a decrease in elastic modulus is
found upon freeze/thaw.
Chapter 3 focused on cell and tissue-level deformation mechanisms centered around
osmotically driven cellular water transport which occurs during freezing. The first
part of this study investigated implications of a previously unconsidered coupling
between intracellular deformation and cellular water transport. A poroelastic model
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of cytoplasm developed in this study, combined with previously established membrane
transport models [43], predicts that the hydraulic conductivity of the cytoplasm is
the key transport property that governs intracellular deformation. For physiologically
relevant hydraulic conductivities, cell exhibits a spatially heterogeneous deformation
pattern where the highest deformation occurs in the vicinity of the cell membrane while
the center of the cell remained relatively undeformed. Consideration of lower hydraulic
conductivities were marked by complete collapse of cytoskeleton, and entrapment
of water inside the cell, phenomena termed in this study as hydraulic locking. The
predictions of the model was experimentally verified by side experiments that estimated
intracellular deformation during freezing by fluorescence particle tracking. The findings
of this study can explain the cell-dependent freezing deformation response, observed
even among cells from the same population.
In the second part of Chapter 3 the role of cellular water transport in freezinginduced tissue deformation was investigated by development of a semi-empirical
representative elementary volume model [50]. In this model, tissue freezing-induced
expansion was simulated based on experimentally determined freezing kinetics and
cellular water transport characteristics. Results indicate that cellular water transport
becomes the critical limiting factor of freezing-induced deformation when cells are
present at native tissue like concentrations. In cryopreservation of engineered tissues,
with reduced cell content, however extracellular freezing is the dominating factor. In
that case it is expected that, deformation rate should increase with increasing cooling
rate. As a result, a slow cooling rate is desirable to minimize the freezing-induced
deformation of engineered tissues during cryopreservation. In native tissues, competing
effects of cooling rate on extracellular freezing and cellular water transport are equally
important in determining tissue deformation. In that case, there exists an optimal
cooling rate that minimizes deformation of the tissue during cryopreservation. This
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optimal cooling rate depends on the composition of the tissue and cellular water
transport characteristics of the cells within.
Chapter 4 presented an applied study on biological functionality of collagen based
tissue engineering constructs used for improvement of wound healing. Possible effects
of freeze/thaw on the ways cells interact with the extracellular matrix were investigated.
When fibroblasts, a mechanically active and contractile cell line, were placed on top of
collagen hydrogels, they deformed the underlying substrate and migrated on it at the
same time. The amount of hydrogel deformation was measured by a newly developed
image based tissue deformetry technique. It was found that deformation of ECM is
lower in frozen/thawed hydrogels when compared to unfrozen control. However, when
the unfrozen collagen microstructure is altered by reducing the collagen concentration
of hydrogels, the cell-mediated deformation of the matrix gets increased in agreement
with the diminished mechanical properties of the hydrogel. This result indicates that
cell-matrix coupling becomes deviant by freeze/thaw of ECM possibly due to poor
adhesion between cells and ECM. Interestingly, this freeze/thaw effect on cell-matrix
coupling does not cause significant hindrance on cell migration.
In the same study, changes in elastic modulus and hydraulic conductivity were
measured independently for freeze/thaw treatment and decreasing collagen concentration. Both freeze/thaw treatment and decreased collagen concentration resulted in a
decrease in elastic modulus and an increase in hydraulic conductivity, in agreement
with observed changes in microstructure. This was in contrary to deformation response
where decreased collagen concentration resulted in significantly higher deformation
than reference concentration, which was also higher than freeze/thaw case. Therefore,
microstructural changes are unlikely to explain the diminished deformation due to
freeze/thaw. The fibril damage in terms of mechanical expansion of fibrils, presented
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in Chapter 2 might be the reason for poor cell-matrix adhesion that could also explain
the diminished capacity of the cells to deform the frozen/thawed ECM.
The work summarized above addresses three different but related aspects of cryo
damage by a combination of rigorous experimentation and computational modeling to
characterize post-thaw biomaterial structure and properties, prediction of biomaterial
behavior based on underlying biphysical processes and assessment of its biological
functionality. The end result is new fundamental knowledge on cryo damage mechanisms and a collection of novel multi-purpose engineering tools that will open the way
for rational design of cryomedicine technologies.
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calorimetry. Journal of Biomechanical Engineering, 120:559569, 1998.
[87] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch,
S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D. J. White,
V. Hartenstein, K. Eliceiri, P. Tomancak, and A. Cardona. Fiji: an open-source
platform for biological-image analysis. Nat Methods, 9:676682, 2012.
[88] M. Toner, R. G. Tompkins, E. G. Cravalho, and M. L. Yarmush. Transport
phenomena during freezing of isolated hepatocytes. Aiche Journal, 38(10):1512–
1522, 1992.
[89] R. L. Levin, E. G. Cravalho, and C. E. Huggins. A membrane model describing
the effect of temperature on the water conductivity of erythrocyte membranes
at subzero temperatures. Cryobiology, 13(4):415–29, 1976.
[90] K. Levenberg. A method for the solution of certain non-linear problems in least
squares. Quarterly of Applied Mathematics, 2:164–168, 1944.
[91] G. T. Charras, M. Coughlin, T. J. Mitchison, and L. Mahadevan. Life and times
of a cellular bleb. Biophys J, 94(5):1836–53, 2008.
[92] J. M. Kim and R. R. Parizek. A mathematical model for the hydraulic properties
of deforming porous media. Ground Water, 37(4):546–554, 1999.
[93] R. V. Devireddy, D. J. Swanlund, T. Olin, W. Vincente, M. H. Troedsson, J. C.
Bischof, and K. P. Roberts. Cryopreservation of equine sperm: optimal cooling
rates in the presence and absence of cryoprotective agents determined using
differential scanning calorimetry. Biol Reprod, 66:222231, 2002.
[94] R. V. Devireddy, S. Thirumala, and J. M. Gimble. Cellular response of adipose derived passage-4 adult stem cells to freezing stress. J Biomech Eng,
127:10811086, 2005.
[95] V. Ragoonanan, A. Hubel, and A. Aksan. Response of the cell membranecytoskeleton complex to osmotic and freeze/thaw stresses. Cryobiology, 61(3):335–
44, 2010.
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